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ABSTRACT. 
7 phage carrying a 571bp palindrome can plate on recBC 
sbcB strains but not on rec+  or recA cells (Leach and Stahl, 
1983). recBC sbcB strains have been shown to carry an 
additional mutation in a gene designated sbcC (Lloyd and 
Buckman, 1985). In this work it is demonstrated that 
the restoration of viability of this phage in recBC sbcBC 
cells is due solely to the sbcC mutation. The influence of 
-- 
	
	sbcC on phage growth and DNA recovery in various recombination 
mutants is examined. In sbcC hosts, viability is restored 
by permitting the propagation of palindrome-containing 
replicons. In contrast, inviability in sbcC strains is 
shown to be correlated with the availability of alternative 
packaging pathways. These observations are extended to 
a series of other palindromes, and possible mechanisms 
for inviability are discussed. 
sbcC strains are shown to be suitable hosts for plasinids, 
thus extending the range of vectors previously available 
for cloning pal indromic sequences. The implications of these 
results for the recovery of non-random eukaryotic sequences 
are discussed. 
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CHAPTER 1 
1.1 Introductory remarks. 
Palindromic sequences may be defined as having 
two-fold rotational symmetry, so that they have the 
potential to form intra- as well as inter-strand base 
pairs. Hence in palindromic stretches of DNA it is 
theoretically possible for the normal B duplex to be 
replaced by a cruciform structure in which the 
complementary strands, are not interwound, as shown in 
figure 1.1. Inverted repeats, which have a central 
non-symmetric sequence, are similarly capable of forming 
interrupted crucifornis or stem-loop structures. 
Throughout this work palindrome length is given as total 
number of base pairs, rather than repeat length. 
potenLkOJ 
It is this A  conformational flexibility which gives 
palindromic sequences possible biological significance. 
There are three major reasons for the interest generated 
by their behaviour in wild-type E ccli. Firstly, the 
inviability effect described herein is an example of a 
profound phenotypic effect mediated, presumably, by a 
secondary structure. Secondly, an insight into the 
activities of one or more E..coli recombination enzymes is 
provided by their involvement in this phenomenon. 
Finally, the strains developed as a result of this 
research will facilitate the cloning of the many long DNA 
palindromes, and perhaps other non-random sequences, 
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1.2 The nature and distribution of DNA palindromes in 
prokaryotes and eukaryotes. 
Long perfect palindromes are rare in prokaryotic DNA, 
and none longer than 40bp haS been found in the Ecoli 
genome or any naturally occurring E.coli replicons. 
However approximately 1% of the genome of 
enterobacterjaceae consists of palindromic units (PU), 
which are highly conserved extragenic inverted repeats of 
20 to 40bp. Although their function is unknown, they are 
thought to be involved in the structure of the nucleoid 
by binding nucleoid-associated proteins (Gilson et al., 
1987). Other short imperfect palindromes, such as the 
replication origin and lac operator sequence of E.coli, 
are mostly involved in specific DNA-protein interactions 
as part of transcriptional and other control mechanisms 
(Collins, 1981). In some cases, such as prokaryotic 
intercistronic regulatory elements (Higgins et al., 1982) 
or the trp attenuator (Oxender et al., 1979), the 
importance of these sequences in regulation derives from 
the secondary structure of their RNA transcripts. 
In eukaryotic DNA however long and almost perfect 
palindromic sequences make up several percent of the 
total DNA (Wilson and Thomas, 1974). They are widely 
dispersed, and their random distribution with respect to 
unique and middle-repetitive DNA sequences argues against 
the majority of them being involved in specific control 
functions (Cavalier-Smith, 1976). Indeed, analysis of 
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lenopus genomic DNA has shown that the DNA flanking 
palindromic sequences can include all unique sequences, 
suggesting that in Xenopus palindromes are inserted at 
different sites in each individual (Penman et al., 
1976). Various hypotheses have been put forward to 
explain the role of palindromes in the cell, most of 
which invoke their potential for secondary structure 
formation as a means of controlling or modifying gene 
expression, or other DNA features such as supercoiling. A 
potential evolutionary role was highlighted by Ripley and 
Glickman (1982), who showed how imperfect palindromes may 
be important in generating frame-shift, base substitution 
and deletion mutations. 
Palindromic sequences have been found to occur with 
regular frequency in genetic regulatory regions (Huller 
and Fitch, 1982). Long DNA palindromes found in Simian 
virus 40 and polyonia viruses (Frisque, 1983) occur at the 
origin of replication and are thought to act as binding 
sites for proteins involved in replication. There are 
occasional instances of specific roles for non-random 
sequences which do not act simply as protein binding 
sites. Vaccinia virus has .terminalinverted repeats which 
undergo inversions, and it is thought that they 
participate in a self-priming mechanism for chromosome 
replication during which backpaining of the telomeres 
occurs (Baroudy et al., 1982). Z-compatible sequences are 
also common in eukaryotes, and it has been suggested that 
they ensure correct pairing during meiosis by 
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facilitating recoinbinational exchanges, which are then 
stabilised by reversion of local Z structures to the 
normal B duplex (Haniford and Pulleyblank, 1983). 
1.3 The behaviour of long palindromes in E.coli. 
Small palindromic sequences can be recovered in E.coli 
hosts, and those which have been found to be viable and 
stable in wild-type E..coli include the 30bp inverted 
repeat of ColEl (Lilley, 1981b), palindromes of 114, 146 
and 147bp (Bergsina et al., 1982; Warren and Green, 1985) 
and 66, 84 and 190bp palindromes derived from the lac 
promoter (Yoshimura et al., 1986). The latter is to date 
however the largest palindrome which can be stably 
propagated in wild-type E.coli. 
An early indication of the difficulties involved in 
propagating long DNA palindromes was given by Collins and 
Hohn (1978), who reported a failure to obtain palindromic 
sequences during random cloning of plasmid fragments into 
cosmids. Similarly, the lack of certain fragment 
combinations which would generate palindromes was noted 
by Casabadan and Cohen (1980) while cloning plasmid 
fragments in rec and recA hosts. Frequent attempts have 
been made to propagate long palindromic sequences, both 
in vitro constructs (Sadler, 1978; Collins, 1981; Lilley, 
1981a; Collins et al., 1982; Hagan and Warren, 1982; 
Mizuuchi et al., 1982b; Courey and Wang, 1983; Hagan and 
Warren, 1983; Leach and Stahl, 1983; Goodchild et al., 
1985; Muller and Turnage, 1986; Nakamura et al., 1986; 
Yoshimura et al., 1986) and naturally-occurring 
eukaryotic sequences (Perricaudet et al., 1977; Boissy 
and Astell, 1985; Wyman et al., 1985), but none have been 
completely succesful. Similar problems were encountered 
using Streptococcus (Behnke et al., 1979), suggesting 
that the phenomenon may be widespread among prokaryotes. 
The deleterious behaviour of long palindromes has two 
features. Firstly, they confer inviability on the carrier 
replicon, which cannot then survive in the host cell. 
Secondly, they are unstable and delete at varying 
frequencies. The relationship between these two phenomena 
is complex. Generally speaking inviability problems arise 
with palindromes longer than 200bp or so, but this is 
highly dependent on other factors such as sequence, 
context and extent of asymmetry. Most palindromic 
sequences have instability problems, and in fact small 
palindromes of 30 to a few hundred bp long are often 
unstable although they are too short to confer 
inviability. A 68bp palindrome is unstable (Courey and 
Wang, 1983) while 146 and 147bp palindromes are stable in 
plasmid replicons (Warren and Green, 1985), showing that 
features other than length are important determinants of 
palindrome behaviour. Although inviability and 
instability will be dealt with separately in the 
following sections this division may be somewhat 
arbitrary, as it seems probable that these phenomena are 
linked by a common cause - the potential of palindromic 
sequences to form secondary structures. 
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1.4 Factors affecting cruciform formation in vitro. 
There is a strong body of evidence to show that 
cruciform formation can occur in vitro. These structures 
can be detected in a variety of ways. For instance, as 
structural departures from the normal B duplex, 
sope ((.0 iied 
cruciforms cause relaxation of the carrier molecule. This 
causes retardation during gel electrophoresis (Shure et 
al., 1977; Panyutin et al,, 1982; Gellert et al., 1983; 
Zivanovic et al., 1986). In addition, cruciform extrusion 
may cause a degree of DNA bending as shown for an 
artificial pseudocruciform (Gough and Lilley, 1985) due 
to the probable conformation of such a structure (Duckett 
et al., 1988), and this will also cause retardation. 
Extruded molecules can be distinguished both from the 
non-extruded form of the same topoisomer and from their 
apparent topological equivalents by running the gel in 
two dimensions, the second in the presence of an 
intercalative ligand such as chloroquine (Waring, 1970). 
The intercalator causes readsorption of the cruciform, 
and a shift in mobility is evident as the molecules are 
now. resolved on the basis of linking number alone. 
Various chemical (Lilley and Palecek, 1984; Lilley, 
1985) and enzymic probes (Dingwall et al., 1981; Lilley 
and Hallam, 1984; deHassy et al., 1987; Panayotatos and 
Fontaine, 1987) are also available. Cruciform structures 
have a certain amount of single-stranded character due to 
the 4-6 base loops at the tips, which remain unpaired due 
to sterjc hindrance (Scheff].er et al., 1970; Furlong and 
Li].ley, 1986). Si nuclease cuts at these loops (Lilley, 
1980; Panayotatos and Wells, 1981); however it also 
recognises other regions with single-stranded character, 
such as B-Z junctions (Kang and Wells, 1985), and is 
therefore not specific to oruciforms. T4 endonuclease VII 
(gene 49 product) cuts 3 to the base of the four-way 
junction (Mizuuchi et al., 1982a; Lilley and Kemper, 
1984; Kemper et al., 1984; Naylor et al., 1986) and is 
thus a highly specific probe for cruciform structure. The 
possibility remains however that the binding of such 
large molecules perturbs the DNA sufficiently to alter 
the results. Using these techniques various groups have 
investigated the conditions required for in vitro 
extrusion of both artificial and naturally occurring 
palindromic sequences (Gellert et al., 1980; Lilley, 
1981b; Panayotatos and Wells, 1981; Lilley, 1982; 
Nizuuchi et al.., 1982b; Panyutin et al., 1982; Singleton 
and Wells, 1982; Courey and Wang 1983; Sinden et al., 
1983; Lilley and Hallam, 1984; Lyamichev et al., 1984). 
Cruciform extrusion is energetically unfavoured in 
linear or relaxed DNA due to the loss of base-pairing and 
stacking interactions in the loop. However thermodynamic 
(Hsieh and Wang, 1975), mechanical (Benham, 1982) and 
statistical mechanical calculations (Vologodskii and 
Frank-Kamenetskii, 1982), as well as experimental work, 
negative 
have shown that extrusion is strongly favoured by DNA 
supercoiling. Supercoiling may be defined as over- or 
EJ 
under-winding of the DNA, resulting in torsional tension 
(Vinograd et al., 1965; Wang et al., 1982). In the cell 
DNA is naturally underwound or negatively supercoiled. 
Extrusion results in intra-winding of the palindromic 
DNA, which reduces the torsional stress on the rest of 
the molecule (see diagram, Appendix 3). If the energy 
released outweighs the energy required to maintain the 
unpaired and unstacked bases at the tip, then cruciform 
extrusion is thermodynamically favourable (Hsieh and 
Wang, 1975). Hence the favourability of the extrusion 
reaction increases with palindrome length and superhelix 
density. In fact a totally palindromic dimer of pBR322 
does not extrude fully, but is seen under the electron 
microscope as cruciform arms about a relaxed core. This 
is because further extrusion would require the 
introduction of positive supercoils, which is 
energetically unfavourable (Gellert et al., 1980). 
Extrusion in adequately supercoiled DNA is effectively 
irreversible, and cruciforms are stable once formed 
(Courey and Wang, 1983; Sinden et al., 1983). 
Imperfections in symmetry lower the thermodynamic 
favourabiljty of the reaction by further reducing the 
amount of base-pairing possible in the cruciform arms. 
The palindromes tested all show a dramatic rise in 
extrusion over a fairly narrow range of superhelix 
densities (-0.05 to -0.07), indicating that the process 
is highly cooperative. They also extrude better at higher 
temperatures and at an optimum salt concentration of 40 
10 
to 60mM NaCl. These data suggest that extrusion has a 
fairly high activation energy, and that electrostatic 
repulsion is an inhibitory factor at low or zero salt 
concentrations. Cations vary greatly in the efficiency 
with which they promote extrusion (Gellert et a.!., 1983; 
Sullivan and Lilley, 1987), depending on the ionic 
radius, and this implies that cruciform extrusion creates 
an electronegative cavity not present in regular DNA 
molecules. 
1.5 Hypotheses to account for cruciform formation in 
vitro. 
Two alternative mechanisms for cruciform extrusion in 
vitro were proposed (Lilley and Markham, 1983; Lilley, 
1985; Lilley and Hurchie, 1989), and are shown in figure 
1.2. Most palindromes are thought to extrude via the 
S-type (salt-dependent) mechanism, in which a small 
amount of helix melting at the symmetric centre leads to 
the formation of a short protocruciform, which then 
extrudes to its full extent by branch migration. Cations 
are required to offset the phosphate repulsion at the 
four-way junction of the transition state, which creates 
an anionic cavity with selective ion-binding properties. 
Support for this hypothesis comes from evidence that very 
small alterations in the central sequence of a palindrome 
cause large changes in the rate of extrusion, while 
mutations further from the centre have much less effect 
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Figure 1.2 Two mechanisms proposed for in vitro cruciform 
formation in supercoiled DNA (after Sullivan and Lilley, 
1987). 
1.. C-type extrusion - a large region of the DNA melts, 
enabling formation of the cruciform structure by 
snap-back of the single strands. 
ii. S-type extrusion - a limited amount of localised 
melting at the centre of the palindrome leads to the 
formation of a small protocruciforin
'
which then extrudes 





(Nurchje and Lilley, 1987; Courey and Wang, 1988). 
Similar studies using methylation to stabilise or 
destabilise centrally located base pairs also show large 
changes in extrusion rate (Nurchie and Lilley, 1989). 
Using thedata, the size of the initial bubble has been 
estimated at 6 to lObp. 
In contrast, the C-type extrusion pathway has as its 
Probable transition state a large region of unpaired DNA, 
which then forms intra-strand base pairs to generate the 
fully extruded cruciform. The palindrome found in the 
colicin resistance gene of Co1B1 (see figure 1.1) seems a 
likely candidate for C-type extrusion, as in vitro 
extrusion has a very high activation energy and is 
inhibited by the presence of salt (Lilley, 1985). It was 
found that the sequence flanking the palindrome is 
unusually AT-rich. Statistical mechanical helix melting 
theory has shown that in AT-rich regions melting is a 
highly cooperative process (Schaeffer et al., 1989). Such 
sequences facilitate C-type extrusion by allowing 
coordinate destabilisation of a large region, and have 
been termed inducer sequences. In fact any palindrome 
will exhibit C-type extrusion kinetics when placed in the 
ColEl context. Thus the critical factor is the sequence 
of the flanking DNA, and S-type extrusion is the default 
mechanism in the absence of AT-rich flankers (Sullivan 
and Lilley, 1987; Sullivan et al., 1988). Alternating AT 
base pairs have especially weak stacking interactions, 
and cause greater destabilisation than the same number of 
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bases arranged in blocks. 
Although cruciform extrusion is thermodynamically 
favourable at higher superhelical densities it is 
extremely slow, suggesting that there is a kinetic 
barrier to extrusion which can only be overcome at 
temperatures of 65°C or more (Mizuuchj et al., 1982b; 
Courey and Wang, 1983; Gellert et al., 1983). One 
exception is an alternating (AT)34 segment from a Xenopus 
globin gene, which has been shown to extrude rapidly and 
at relatively low superhelix densities (Greaves et al., 
1985; Haniford and Pulleyblank, 1985). There is no 
detectable kinetic barrier to extrusion, so that rapid 
interconversion between the duplex and the cruciform is 
possible even at low temperatures. In the duplex 
alternating ATs are thought to adopt an underwound 
conformation. The repeating unit of such a helix is a 
dinucleotide, as the poor stacking interactions of TpA 
pairs are sacrificed in order to maximise ApT stacking. 
These sequences are highly torsionally deformable, so 
that as superhelix density increases this structure will 
be preferentially underwound (McClellan et al., 1986). 
Thus the pre-extrusion ground state is unusual, and the 
cruciform has a very low free energy of formation 
(Schaeffer et al., 1989). These sequences are both 
palindrome and inducer sequences, and facilitate the 
extrusion of co-palindromic sequences as described 
earlier. Most palindromic sequences however are both 
extruded and absorbed extremely slowly. 
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1.6 Cruciform formation in vivo. 
As some of the palindromes shown to extrude in vitro 
are naturally occurring, the question arises as to 
whether they form cruciforms in vivo.. In E.coli the 
supercoiljng of the DNA is regulated by two 
topoisomerases with opposing activities; DNA gyrase, 
which can introduce negative supercoils and remove 
positive ones, and topoisomerase I, which can remove 
negative supercoils (Menzel and Gellert, 1986). The 
expression of the genes encoding these enzymes is 
homeostatically regulated and depends on the degree of 
supercoiling in the cell (Menzel and Gellert, 1983; 
Goldstein and Drlica, 1984). At the time when many of the 
in vitro studies were performed, the superhelical density 
in prokaryotic cells was thought to be -0.05, 
corresponding to the value for isolated DNA. This is 
sufficient to allow extrusion of most crucifornis. However 
it was discovered that in vivo about half of the 
supercoils are complexed with HU proteins in nucleoid 
assemblies (Shure et al., 1977; Pettijohn and Pfenninger, 
1980; Sinden et al., 1980; Pettijohn, 1982; Broyles and 
Pettijohn, 1986). The true superhelix density of 
intracellular DNA is about -0.025 (Greaves et al., 1985; 
Lilley, 1986), and as energy of supercoiling is 
quadratically related to superhelix density this means 
that only a quarter of the in vitro energy of 
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supercoj].jng is effectively available in vivo. 
In eukaryotes the DNA is coiled into a chromatin 
fibre, which is further compacted by looping onto a 
protein scaffold (Weisbrod, 1982). There is no net 
torsional tension as supercoiling is totally restrained 
in the nucleosomes, which are complexes of DNA and 
histone proteins similar to prokaryotic nucleoids. 
However this does not preclude local releases of 
supercoiling (Lilley, 1983), and actively transcribed 
genes show DNase I hypersensitivity both of the coding 
region and of small areas 5 to the coding region, 
suggesting that local decondensation is required for 
transcription to occur (Weisbrod, 1982; Weintraub, 1983). 
Transient unconstrained supercoils have been demonstrated 
in transcriptionally active chromatin (Luchnik et al., 
1982). 
The dynamic state of DNA in the cell has been 
emphasised by the recent finding that RNA polymerase 
translocation overwinds the DNA in front of it and 
underwinds the DNA behind, resulting in two oppositely 
supercoiled gradients with the torsional tension highest 
proximal to the polymerase (Liu and Wang, 1987; Futcher, 
1988; Wu et al., 1988; Frank-Kamenetskii, 1989). 
Transcription therefore has a major effect on the level 
of supercoiling in the cell, and such an effect has been 
demonstrated in yeast (Giaever and Wang, 1988) as well as 
prokaryotes. This model suggests that, rather than 
regarding supercoiling as the result of a competition 
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between the introduction of negative supercoils by gyrase 
and their removal by topoisomerase I (or their eukaryotic 
equivalents), it may be more appropriate to regard both 
enzymes as agents for relaxing the supercoiling generated 
during transcription. Thus supercoiling depends on the 
level of transcription, the rate of the diffusion 
Pathways which allow cancellation of opposing tensions, 
and the activities of the topoisomerases. In DNA with 
multiple and opposing transcripts the process is 
kinetically highly complex. Native supercoiling thus 
becomes an irrelevant idea, as local releases of tension 
control local processes. The dissipation of this tension 
is prevented by the nucleosomes or nucleoids (Lilley, 
1983; Lilley, 1988), which divide the DNA into separate 
topological domains (Sinden and Pettijohn, 1981). Each is 
thought to have one gyrase binding site, enabling 
independent control of supercoiling (Snyder and Drlica, 
1979). These may not be absolute barriers however, as 
transcriptional elongation by both prokaryotic and 
eukaryotic polyinerases has been shown to displace 
nucleosomes in vitro, allowing readthrough (Lorch et al., 
1987). 
Hence, 	although the average 	level of in viva 
supercoiling is not sufficient to promote extrusion of 
most palindromes, it seems likely that 
transcription-driven supercoiling, newly identified as 
the dominant factor in intracellular supercoiling, may 
allow local releases of tension in both prokaryotes and 
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eukaryotes which could facilitate extrusion. The kinetic 
data presented earlier suggest that, even if superhelix 
density in the cell were high enough, extrusion is too 
slow to produce significant numbers of cruciforins in the 
cell unless the DNA is subjected to conditions which 
destabilise base pairing. However transcription-driven 
supercoiling may overcome the kinetic barrier, especially 
in view of the small single-stranded bubble in the DNA 
template which travels with the polyinerase (Kirkegaard at 
al., 1983). 
Attempts have been made to detect cruciform structures 
in vivo, using the probes described earlier. Some of 
these studies are invalid, as during DNA extraction the 
authors have not avoided conditions such as phenol and 
higher temperatures, which trigger cruciform formation 
(Nakamura et al., 1986). However workers using such 
techniques as low temperature extraction (Courey and 
Wang, 1983; Lyamichev at al., 1984) and in vivo 
cross-linking (Sinden et al., 1983) have failed to detect 
cruciform structures in vivo for palindromes of 68, 35 
and 66bp respectively. 
Exceptions include the alternating (AT)34 Xenopus 
sequence described earlier. This palindrome does not 
normally extrude in vivo (Greaves et al., 1985), but when 
protein synthesis is blocked by chioramphenicol the 
reduced availability of DNA binding proteins appears to 
cause the in vivo superhelix density to increase, 
resulting 	in cruciform extrusion 	(Haniford and 
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Pulleyblank, 1985). In another study Panayotatos and 
Fontaine (1987) over-expressed the T7 gene 3 endonuclease 
on Co1E1, and mapped its in vivo cleavage sites to the 
centre of the 32bp palindrome in the colioin resistance 
gene. However, as previously described, this palindrome 
is flanked by AT-rich sequences. Palindrämes in other 
contexts were not recognised by the endonuclease. 
Therefore any extrusion is due to the unusually unstable 
sequence context, and may be facilitated by active 
transcription of the colicin resistance gene as described 
earlier. Furthermore there is some controversy regarding 
the cleavage site of the T7 endonuclease (Panayotatos and 
Wells, 1981; deMassy et al., 1987). If it cuts at the 
cruciform tip as suggested by Panayotatos and Fontaine, 
it is probably a probe of single-stranded DNA and not 
specific to cruciforins. Cleavage at this site may 
therefore be indicative not of cruciform formation but of 
the instability and single-stranded character of the 
flanking sequences. 
Despite the lack of evidence for in vivo extrusion, it 
is possible that the palindromes tested are simply too 
small. Although there is a kinetic barrier, the 
superhelix density in the cell is sufficient to allow 
extrusion of some long palindromes, and those which cause 
the severe inviability and instability problems described 
earlier have not been tested for in vivo extrusion. 
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The other possibility is that palindromes form transient 
hairpins at single-stranded regions of the DNA such as 
the RNA polyinerase complex or the replication fork 
(Shurvintori et al., 1987). There is no kinetic barrier to 
the formation of single-stranded hairpins, and they are 
energetically favoured due to their large free energies 
of formation (Tinoco et al., 1973). This is in effect 
catalysis of extrusion. The observation that central 
inserts of up to 50bp did not alter the in viva effects 
of one group of palindromes (Warren and Green, 1985) is 
consistent with catalysed extrusion of hairpins. 
1.7 Factors affecting palindrome-mediated instability. 
Palindromes are known to cause deletion (Glickman and 
Ripley, 1984; Schaaper et al., 1986; Papanicolaou and 
Ripley, 1989), and there are many reported instances of 
in viva deletion of palindromic sequences (Collins, 1981; 
Lilley, 1981a; Hagan and Warren, 1983; Boissy and Astell, 
1985; Yoshiinura et al., 1986). The deletions can be exact 
or partial and are usually symmetric, leaving a short 
stable palindrome (Collins, 1981; Collins et al., 1982; 
Leach and Stahl, 1983; Schaaper et al., 1986; Yoshimura 
et al., 1986).. Some examples of non-symmetrical deletion 
have been reported (Goodchjld et al., 1985). Deletion 
frequency is roughly correlated to palindrome length 
(DasGupta et al., 1987). It is also strongly influenced 
by the sequence both of the palindrome and its 
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surrounding DNA. It has been shown that the deletion 
frequency of the same palindrome varies considerably 
between different carrier plasmids (Hagan and Warren, 
1983), and even between different sites in the same 
plasmid (DasGupta et al., 1987). In one case a 90bp 
Palindrome showed a 104-fold increase in deletion 
frequency following a shift in location of one base pair. 
These events are largely recA-independent. 
In many cases the end-points of deletion have been 
shown to be short direct or inverted repeats within or 
close to the main palindrome (Collins et al., 1982; 
Boissy and Astell, 1985; Yoshimura et al., 1986; DasGupta 
et al., 1987; Janet Lindsey, PhD thesis 1987). Indeed 
short homologous sequences often mediate naturally 
occurring genoine rearrangements (Farabaugh et al., 1978; 
Albertirii et al., 1982; Brunier et al., 1989). The 
sequences are usually direct repeats, sometimes near 
short inverted repeats (but rarely close to very long 
ones, which are less common). Hence even short 
palindromes can be deletionogenic. The model system for 
studying deletion formation has been the precise excision 
of Tn5 and TnlO (Egner and Berg, 1981; DasGupta et al., 
1987; Brunier et al., 1988), which occurs between Qbp 
direct repeats flanking the long inverted repeats of the 
transposon. Imprecise excision is usually due to short 
inverted repeat deletion hot-spots within the long 
inverted repeat (Foster et al., 1981; Collins et al., 
1982). 4bp of homologyare sufficient to form a deletion 
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end-point, but deletion frequency increases with direct 
repeat length (Albertini et al., 1982; Weston-Hafer and 
Berg, 1989). 
Some palindrome deletions leave a short asymmetric 
centre in the palindromic remnant which may contribute to 
its stability, and it has been shown for a large (>1kb) 
palindrome that central asymmetric insertions of 150bp 
are sufficient to prevent deletion occurring (Warren and 
Green, 1985). The observation that deletion frequency 
appears to increase in actively replicating or 
single-stranded DNA (Egner and Berg, 1981; Huller and 
Turnage, 1986; Leach et al., 1987; Brunier et al., 1989) 
may reflect an increased frequency of single-stranded 
hairpin formation. 
1.8 Hypotheses to account for palindrome-mediated 
instability. 
There are two main models to explain the generation of 
deletion mutations in the vicinity of palindromic DNA 
sequences, as shown in figure 1.3. The first is 
replication slippage (Albertini et al., 1982; Collins, 
1981; Egner and Berg, 1981; DasGupta et al., 1987), a 
mechanism originally suggested by Streisinger (1966) to 
explain frameshift mutations, in which secondary 
structures such as hairpins juxtapose sequences which 
become the deletion endpoints (Glickman and Ripley, 
1984). If the nascent strand dissociates transiently at a 
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Figure 1.3 Models of deletion formation (after DasGupta 
et aL, 1987). 
In each case the direct repeats are represented by short 
arrows. 
i. Replication slippage. 
The palindrome forms a hairpin structure at the 
single-stranded region of the replication fork. 
Copying of the template by DNA polymerase III is 
impeded at the hairpin. 
The nascent strand dissociates, and reannea].s with the 
second copy of the direct repeat; synthesis can now 
resume at the far side of the hairpin. 
The single-stranded hairpin and direct repeat loop are 
lost by cleavage or following another round 	of 
replication, resulting in the formation of a deletant 
minus the palindrome and one copy of the direct repeat. 
ii. Cleavage. 
The palindrome is extruded into a cruciform structure, 
which is 	cleaved 	across 	the 	base 	by 	a 
conformation-specific nuclease. 
This leaves a molecule from which the palindrome has 
been removed. 
Limited 3-5 exonucleolytjc activity oocurs allowing 
the annealing of complementary sequences from each copy 
of the direct repeat. 
Ligation and repair synthesis lead to the formation of 
a deletant minus the palindrome and one copy of the 
direct repeat. 
• 	
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hairpin during replication, the free end can resume 
synthesis on the far side, bypassing part of the 
template. The remaining single-stranded hairpin is either 
removed by post-replication repair, or is lost during 
subsequent rounds of replication. While this can occur at 
any sufficiently stable hairpin, direct repeats within or 
close to the palindrome will facilitate slippage by 
anchoring the transiently dissociated nascent strand to 
the second copy of the repeat on the far side of the 
hairpin. As slippage can also occur between direct 
repeats without the assistance of a palindrome (Farabaugh 
et al., 1978; Jones et al., 1982), it would appear that 
both inverted and direct repeats can direct deletion 
formation, and that if both are present they cooperate in 
the process. The process is analogous to copy-choice 
recombination (Lederberg, 1955) and is thought to occur 
during precise excision of Tn5 and TnlO (Brunier et al., 
1988), resulting in the loss of the bypassed sequence 
together with one copy of the direct repeat. Replication 
slippage has been invoked to explain such processes as 
fraineshift mutations (Ripley, 1982) and gene 
amplification in eukaryotes (Hyrien et al., 1988). 
The palindrome may further promote slippage by causing 
polymerase stalling at the hairpin, thus increasing the 
probability of strand dissociation and reannealing. There 
is abundant in vitro evidence that both prokaryotic and 
mammalian DNA polymerases stall in the vicinity of DNA 
with the potential to form secondary structures such as 
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triple-stranded H DNA (Lapidot et al., 1989) and hairpins 
(Tapper and DePainphjljs, 1980; LaDuca et al., 1983; 
Weaver and DePainphilis, 1984). Hairpins (Aleixandre and 
Blanco, 1987; Horwitz, 1989) and Z DNA (Peck and Wang, 
1985) have also been shown to block RNA polyinerase and 
disrupt promoter function in vitro and in vivo. The work 
of LaDuca et al (1983) is particularly relevant as it 
involves DNA polyinerase III, the complex multisubunjt 
DNA 
enzyme which performs mostsynthesj.S in E.coli (McHenry, 
1982). 65% of arrest sites were found to correlate with 
potential hairpins in vitro. The polymerase is not 
Permanently blocked however, and is able to replicate 
through the hairpin if the incubation time or enzyme 
concentration is increased. The function of SSB is to 
remove hairpin structures in vivo, but as there are only 
300 or so copies of the SSB tetrainer per cell (Cuozzo and 
Silverman, 1986) the supply may rapidly become exhausted 
in the presence of palindrome-containing DNA. 
One instance of a palindrome 	interfering with 
replication is provided by Bolivar et al (1977a), using a 
short palindrome constructed using lac operator 
fragments. Replication intermediates due to strand 
switching at the centre of the sequence accumulate in the 
presence of chioramphenicol, which prevents protein 
synthesis. These are probably due to hairpin formation 
disrupting replication and causing the polymerase to 
replicate back towards the origin on the opposite strand. 
Hairpins may be favoured by the increased superhelix 
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density resulting from the reduced availability of DNA 
binding proteins. Alternatively hairpins might result 
from a dearth of hairpin-destabilising proteins. In the 
presence of chioramphenicol however., the predominant 
replicase is thought to be DNA polyrnerase I and not 
polymerase III. 
The alternative hypothesis is that, after either 
cruciform extrusion or polymerase pausing at the hairpin, 
the DNA is cleaved across the base of the hairpin and 
annealed at the direct repeats following limited 3 to 5 
exonucleolytic digestion (DasGupta et al., 1987). Repair 
synthesis and ligation would then generate a deleted 
molecule, also retaining one copy of the direct repeat. 
This resembles the break-join model of recombination 
(Meselson and Radding, 1975), and invokes the presence of 
both a palindrome and direct repeats. While it may 
account for some deletion events, it cannot explain 
deletions occurring in a hairpin without direct repeats, 
or between direct repeats alone. It has been suggested 
that replication slippage may be the general mechanism of 
deletion formation (Brunier et al., 1989), but there is 
evidence that both mechanisms occur under different 
circumstances in vivo (Weston-Hafer and Berg, 1989). 
Before discussing further the biological consequences 
of palindromic sequences, and in particular the effect of 
genotype on palindrome behaviour, it is necessary to 
review recombination in E.colj. 
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1.9 Mechanisms ofArecombination in E.coli. 
There are several alternative recombination pathways 
in E.coli, and most of them require the recA gene product 
(Clark and Margulies, 1965). RecA monomers polymerise 
preferentially on single-stranded DNA in a helical 
fashion (Koller et al., 1983). This complex actively 
binds double-stranded DNA, resulting in underwinding and 
stretching of the duplex to 17.4bp per turn (Pugh et al,, 
1989), and tracks along until it finds a region of 
homology to the single strand. SSB facilitates this 
process by melting out secondary structures, and RecA in 
fact competes with SSB for DNA binding (Kowalczykowski et 
al., 1987). Once the strands are homologously aligned, 
the 3 end of the single strand is able to invade the 
duplex. The resulting D-loop is converted to a 
symmetrical Holliday junction (Holliday, 1964; see figure 
1.4) when the displaced strand pairs with the gap in the 
region of homology (DasGupta et al., 1981). This 
structure is resolved into either patch or splice 
recombinants depending on how the junction is cleaved. It 
is not yet clear which enzyme resolves Holliday 
junctions, but RecBCD has been shown to cut them in vitro 
(A.F. Taylor, G.R. Smith and A.F. Taylor, C.E. Shurvinton 
cited in Thaler and Stahl, 1988) and is a strong 
candidate DNA polymerase I and DNA ligase fill in and 
seal the gaps in the recombinant DNA molecules. 
The major pathway of conjugational and generalised 
recombination in E.coli is the RecBCD pathway (Clark, 
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Figure 1.4 A model for homologous recombination (after 
Smith et al., 1981a). 
The RecBCD enzyme (represented by U ) binds to 
double-strand DNA ends.. 
The enzyme translocates along the DNA, unwinding it 
and generating a growing single-strand loop. 
When the enzyme reaches a chi site which is in the 
correct orientation it cuts 5 nucleotides to its 3 side. 
Continued unwinding produces a growing single-strand 
3-ended tail, with the chi site towards the downstream 
direction. 
In a reaction promoted by RecA and SSB, strand 
invasion of a homologous duplex occurs to form a D-loop. 
The displaced strand of the D-loop pairs with the gap 
left by the invading strand, producing a symmetrical 
Holliday junction. 
Reciprocal exchange occurs following cleavage and 
resolution of the junction, leading to the formation of 
patch or splice recombinants depending on how the 
junction is cleaved. 









1973). The currently accepted model for recombination by 
this pathway is that proposed by Smith et al (1981a), 
although more recent evidence which will be discussed 
later calls some aspects of it into question. This model 
is shown in figure 1.4. 
The products of the recB, C and D genes together make 
up the RecBCD enzyme (ExoV) which in vitro is an 
ATP-dependent double strand exonuclease (Goidmark and 
Linn, 1972), a single strand exonuelease and endonuclease 
(Goidmark and Linn, 1970) and an ATP-dependent DNA 
unwinding enzyme (Taylor and Smith, 1980). As it travels 
along the double helix it unwinds the DNA in front and 
rewinds it behind itself; however the winding rates are 
unequal so that a growing single-stranded loop is 
generated (Taylor and Smith, 1980; Taylor and Smith, 
1985; Stahl et al., 1986; Cheng and Smith, 1987). The 
activity of the RecBCD enzyme is stimulated by chi sites 
(Smith, 1985). These sequences have the Sbp conSensus 
5GCTGGTGG 3' (Smith et al., 1981b) and are found once 
every 5 or 10kb in E..coli (Paulds et al., 1979). It is 
proposed that RecBCD nicks the duplex 4-6 nucleotides3 
to the chi site (Taylor et al., 1985; Cheng and Smith, 
1987), and that this coupled with continued unwinding 
generates a 3 ended single-strand tail. This long single 
strand forms a substrate for RecA-promoted strand 
exchange. Residual recombination in cu-free DNA is due 
to cu-like sites which are cleaved with low frequency 
(Cheng and Smith, 1984; Cheng and Smith, 1987). 
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The RecBCD enzyme also directs A phage packaging 
(Furth and Wickner, 1983; Smith, 1983), which requires 
linear multimers as substrates. After infection, phage 
DNA circularises and is supercoiled by gyrase, and the 
monomers undergo a few rounds of bidirectional theta 
replication. Replication then switches to the 
rolling-circle mode. However this type of replication is 
inhibited by the RecBCD enzyme, which degrades the linear 
Products, and is therefore only possible in a recBCD 
strain, or in the presence of the A gam protein which 
inhibits RecBCD. In a recBCD cell packageable multiiners 
can be produced by recombination to form dimers. During 
packaging the concatemers from either pathway are cut 
into monomers by the terminase enzyme, which recognises 
the complementary "sticky ends" (cos sites) joining the 
ends of each A molecule. 
The left end of A is occupied by the terminase enzyme 
during packaging. An active right hand cos site is 
required for recombination (Kobayashi et al., 1983; Stahl 
et al., 1985), and evidence that RecBCD enzyme requires 
flush or nearly flush ends to load onto DNA (Taylor and 
Smith, 1985) suggests that cos sites may be entry sites 
for the enzyme after terminase cleavage (Thaler and 
Stahl, 1988). The enzyme will only recognise chi if it is 
in the correct orientation with respect to the right hand 
cos site (Kobayashi et al., 1982). 
Several pieces of evidence suggest that the currently 
accepted model of the RecBCD pathway may not be entirely 
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adequate. Firstly, RecBCD enzyme is known to degrade 
double strand ends so that, for instance, phage T4 duplex 
ends require protection by the gene 2 product. It is 
therefore difficult to imagine RecBCD activity at cos 
without degradation. Secondly, the nick-at-chi model 
predicts a specific polarity of patches during A 
recombination, but patches have been observed on the 
other strand during A crosses (Rosenberg, 1987). The 
author of this study proposed that recombination is 
initiated by single chain gaps occurring preferentially 
on one strand because of local processes such as 
replication and transcription. Finally, in contrast to 
recB and C mutants, reeD mutants are both 
hyper-recombinogenic and chi-insensitive (Chaudhury and 
Smith, 1984; Amundsen et al,, 1986; Biek and Cohen, 1986; 
Smith, 1987; Lovett et al., 1988). One interpretation of 
these data is that chi activates RecBCD by promoting the 
dissociation of the reeD subunit. A prediction of this 
model is that the recombination of chi phage in a recD-
host will not differ significantly from that of chi or 
chi-free phage in a reeD host, and this has been found to 
be the case (D.S. Thaler and E. Sampson, cited in Thaler 
and Stahl, 1988). An alternative interpretation however 
is that recombination in reeD mutants is fundamentally 
different to that in wild-type cells, although both use 
the recB and C gene products. 
rec.B or C mutants are recombination deficient and UV 
sensitive and have poor viability. sbcB is a suppressor 
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mutation which allows the activation of the alternative 
ReeF pathway by inactivating exonuclease I (Kushner et 
al., 1971). This enzyme is single-strand specific, and 
probably destroys the 3 tails which are substrates for 
RecA-promoted strand exchange (Joseph and Kolodner, 1983; 
Lloyd and Thomas, 1983). Hence recBC sbcB strains are 
recombination proficient. The ReeF pathway requires the 
rec4, reeF, recN, .recJ, reeR, recP, recO, recQ and ruv 
gene products (Horii and Clark, 1973; Lloyd et al., 1983; 
Lloyd et al., 1984; Lovett and Clark, 1984; Nakayama et 
al., 1984; Kolodner et al., 1985; Irino et al., 1986; 
Luisi-deLuca et al., 1989). The role of many of these 
proteins is unknown. It has been suggested that the reeF 
gene product in some way counteracts the interference of 
SSB or secondary structure in recA recombination repair 
(Madiraju et al., 1988). .recJ is now known to encode an 
exonuclease which requires a free 5 single-strand end 
(Lovett and Kolodner., 1989). It was found that reeD recJ 
double mutants are highly UV sensitive although single 
mutants are not (Lovett et al., 1988; Lloyd et al., 
1988), and this may indicate that the two enzymes have 
overlapping activities. In fact other ReeF pathway gene 
products are also required for recoinbinatiori and repair 
in reeD mutants to some extent, depending on the event 
tested. Recombination in a reeD reeJ reeN mutant is 
severely reduced compared to that in a reeD recJ mutant, 
and as recBCD mutations apparently affect the expression 
of recli this may explain the variability in reports about 
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the behaviour of reeD recJ strains (R.. Lloyd, personal 
communication). It has been suggested that recFJO and 
.reeBCD define two separate sets of re combination proteins 
acting in parallel. These results emphasise the fluidity 
of the recombination pathways in E.coli. 
It was found relatively recently that full activation 
of the RecF pathway requires a co-suppressor mutation in 
a previously unknown gene designated sbcC (Lloyd and 
Buckman, 1985). reeBC sbcB sbcC cells are in fact 
difficult to maintain, as they are very sick and quickly 
give rise to fast-growing sbcC segregants. Thus all recBC 
sbeB cells additionally carry a mutation in sbcC. 
Throughout the rest of this chapter, when describing the 
work of those authors who were unaware of or did not 
acknowledge this fact, such strains will be designated 
recBC sbcB(C). 
Another suppressor mutation, sbcA, activates the 
alternative RecE pathway by derepressing the recE gene 
which produces exonuclease VIII (Willis et al., 1983). 
Both genes are found on the cryptic rae prophage in 
E..coli. The recE gene product is very similar to the A 
red exonuclease (Kushner et ál., 1974; Joseph and 
Kolodner, 1983). It digests duplex DNA, and is thought to 
produce long 3 tails as substrates for RecA-promoted 
strand exchange. The RecE and ReeF pathways may overlap 
considerably as they share many requirements for certain 
gene functions. 
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1.10 Factors affecting palindrome-mediated inviability. 
As discussed earlier, a major consequence of long DNA 
palindromes is replicon inviability. Palindromes must 
usually be longer than 200 or 300bp to be lethal to their 
carrier replicons (Collins, 1981; Gellert et al., 1983; 
Hagan and Warren, 1983; Leach and Stahl, 1983; Yoshimura 
et al., 1986). The more imperfect a palindrome and the 
greater the extent of asymmetry, the less likely it is to 
cause inviability. A central insert of 50bp of 
non-symmetrical DNA was sufficient to restore viability 
to a palindrome of greater than 1kb in length (Warren and 
Green, 1985). Two palindromes of 146 and 147bp which do 
not cause inviability have been shown to cause reduced 
copy number of the carrier plasmid (Warren and Green, 
1985), suggesting that shorter palindromes can cause 
intermediate behaviour. 
Leach and Stahl (1983) constructed a 3.2kb palindrome 
which consists of an inverted duplication of the fragment 
from the unique XbaI site to the second EcoRI site of A 
and replaces the non-essential EcoRI B fragment in the 
carrier phage. It was found that a A phage carrying this 
palindrome is fully viable in a recBC sbcB(C) mutant 
strain, although on a rec strain the plating efficiency 
is much reduced. However up to 20% of the progeny from 
the recBC sbcB(C) infection were able to plate on rec 
cells, suggesting that they had deleted the palindrome. 
Analysis of A DNA from plate lysates grown on recBC 
sbcB(C) strains showed that the perfect palindrome was 
absent from all of the phage DNAs tested. Those phage 
which were still unable to plate on rer strains retained 
shorter palindromes of about 500 to 700bp which are much 
more stable in a recBC sbcB(C) host. High titre stocks of 
the phage containing them can be grown on this strain 
(Leach et al., 1987). One such palindrome has since been 
fully sequenced (Janet Lindsey, PhD thesis 1987; see 
Appendix 2) and is 571bp long including 15bp of central 
asymmetry. 
A phage carrying an 8.4kb palindrome is also able to 
grow on recBC sbcB(C) strains, but deletes to form 
smaller and more stable palindromes of about 700bp in 
length (Shurvintori et al., 1987). These palindromic 
remnants are very similar in size to those described by 
Leach and Stahl (1983). The 8.4kb palindrome has a 
reduced plague size on the recBC sbcB(C) host compared to 
its deletion derivatives, suggesting that palindrome 
length may affect viability in these as well as in rec 
strains. Hence it may be that, above a certain palindrome 
size, palindrome-containing phage are at a growth 
disadvantage compared to palindrome-free deletants in 
recBC sbcB(C) cells. The increased viability of 
palindrome-containing phage has also been reported by 
Wyman et al (1988), who used recBC sbcB(C) strains to 
recover from a human genomic library A clones which 
cannot grow on a rec' host. They showed that a 
sub-population of these phage contained' palindromes of 
200 to 500bp. Similarly, a Physaruu, library could only be 
efficiently propagated on a recBC sbcB(C) strain, and 
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inviability and instability of clones on a wild-type host 
was shown to be largely due to the presence of 
palindromic sequences of about 400bp (Nader et al., 
1985). 
The recBC sbcBC genotype has also been shown to affect 
the behaviour of plasmids carrying palindromes. Collins 
et al (1982) showed that the excision frequency of a 
Tn5-derived palindrome is reduced in such a strain, while. 
Boissy and Astell (1985) showed that a plasmid carrying a 
206bp imperfect palindrome which was unstable in a 
wild-type host could be stably propagated in a recBC 
sbcB(C) recF host (see sections 1.9 and 1.11). It is 
probable however that, rather than indicating a direct 
effect of genotype on instability, these results are due 
to an increase in the viability of the 
palindrome-containing replicons compared to their 
palindrome-free deletion derivatives. 
It was shown that inviability is associated with a 
reduction in the yield of phage supercoils from the 
infected cell during early replication which is not seen 
in recBC sbcB(C) cells (Leach and Lindsey, 1986). This 
DNA loss is a gradual one which continues after 
infection, and the palindrome remains intact. However 
phage containing a long DNA palindrome show no such 
reduction in a lysogen, whether it is rec'- or recBC 
sbcB(C). Indeed, supercoil recovery in a rec'- lysogen is 
close to that from a recBC sbcB(C) non-lysogen (Leach et 
al., 1987). After circularisation and supercoiling of the 
IF- 
DNA, 	gene expression and replication of phage 
super-infecting a lysogen are blocked by a repressor 
produced by the prophage. Hence these results suggest 
that DNA must be active for an effect of the palindrome 
to be seen. Support for the role of replication in 
inviability comes from density-labelled crosses performed 
under conditions of limited replication (Shurvinton at 
al., .1987). In these experiments phage containing an 
8.4kb palindrome are recovered poorly amongst phage which 
have undergone one or more rounds of replication, but 
well amongst unreplicated molecules although this phage 
is normally unstable even on recBC sbcB(C) strains. 
The alleviation of inviability in recBC sbcBC strains 
cannot be attributed to the activation of the RecF 
pathway of recombination (see section 1.9); as additional 
mutations in reeF or any of the other genes involved in 
this pathway do not inhibit plating of the 
palindrome-containing phage (Leach et al., 1987). Reports 
that palindrome viability can only be restored in recBC 
sbcB(C) reeF cells are probably the result of the carrier 
replicon used (Boissy and Astell, 1985; Nakamura at al., 
1986; Yoshimura at al., 1986), as ColEl and related 
plasmids are very poorly maintained in recBC sbcBC 
strains (see section 1.11). Similarly the fact that phage 
viability is not improved in recBC sbc4 strains, or by a 
mutation in the A red gene, suggests that the RecE and A 
Red pathways are not involved in determining phage 
viability (Leach and Stahl, 1983). More recently, it has 
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been reported that recombinant cosmid deletion frequency 
is greatly reduced in recBC sbcB(C) recJ or recBC sbcB(C) 
recN strains, whereas recBC sbcB(C) or recBC sbcB(C) recF 
strains had no effect (Ishiura et al., 1989). The 
deletions are known to occur between short direct 
repeats, but the deleting sequences have not been 
identified as inverted repeats; nonetheless this has 
implications for the effect of other mutations on 
palindrome-containing DNA. 
1.11 The effect of genotype on plasmid behaviour. 
One of the disadvantages of recBC sbcBC hosts for 
cloning palindromic sequences is that plasmids cannot be 
stably maintained in these strains (Ream et al., 1978; 
Cohen and Clark, 1986). Those tested include derivatives 
of medium copy (pSC1O1) and low copy (mini-F) plasmids 
and E.coli mini-chromosomes, as well as high copy number 
C01E1-derived plasmids (Silberstein and Cohen, 1987). 
While such replicons are stable in rec4- , recB, reeC, 
recBC and sbcB hosts, they are rapidly lost from 
populations of recBC sbcB(C) cells under non-selective 
conditions (Ream et al., 1978; Bassett and Kushner, 1984; 
Cohen and Clark, 1986; Biek and Cohen, 1986). Stability 
can be restored totally by the addition of a recA 
mutation and to some extent - with reeF or recJ mutations, 
and recBC sbcB(C) reeF hosts have been used to recover 
plasmids carrying short DNA palindromes as described 
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previously (Boissy and Astell, 1985; Yoshijnura et al., 
1986). However such strains show poor viability and 
transformation frequency and are not therefore ideal 
hosts for maintaining plasinids. 
Cohen and Clark(1986) analysed plasmid DNA from some 
of these strains and found that in recBC sbcB(C) cells a 
large proportion was in the form of high molecular weight 
linear multimers. Such DNA also formed about 15¼ of the 
total isolated from recBC cells. They proposed an 
alternative mode of plasmid replication, in which nicked 
byproducts of normal theta replication become 
intermediates in rolling-circle replication. As in the 
case of A rolling-circle replication, this can only occur 
in the absence of RecBCD protein which otherwise degrades 
the linear products. It is also inhibited to some extent 
by SbcB, which reduces the pool of progenitor molecules 
by degrading those with a 3' tail. Hence in recBC sbcBC 
cells the accumulation of linear multimers is most rapid. 
RecA is thought to be involved at the level of 
initiation, perhaps priming rolling-circle synthesis by 
recombination between linear products and monomer 
circles. 
This type of replication is insensitive to the normal 
Co1E1 copy number control mechanisms, and in addition 
multimers have a replication advantage as they have more 
origins per replicon than monomers. Thus the proportion 
of plasniid DNA relative to chromosomal DNA in the cell 
increases as rolling-circle synthesis proceeds. 
qQ 
Nonetheless multimerjsatjon leads effectively to a fall 
in copy number, and this is a major cause of genetic 
instability for randomly partitioned plasmids such as 
Co1E1 and its derivatives (Summers and Sherratt, 1984), 
explaining the observed maintenance problems of these 
plasinids in recBC sbcBC hosts. 
1.12 Hypotheses to account for palindrome-mediated 
inviability. 
Several hypotheses have been proposed to explain the 
inviability of palindrome-containing replicons.. For 
instance, Lilley (1981a) proposed that the relaxation 
caused by cruciform extrusion resulted in inhibition of 
processes such as transcription which may be driven by 
free energy of supercoiling. However the supercoiling of 
native DNA is now known to be tightly regulated by gyrase 
and topoisomerase as described in section 1.8. Thus it is 
probable that any such relaxation would be transient, and 
that the pre-extrusion superhelix density would be 
quickly re-established. 
From section 1.10 it can be seen that any model for 
palindrome-mediated inviability must incorporate its 
dependence on replication and the alleviatory effect of 
recBC sbcBC mutations. Two principal models have been 
favoured, the first of which is double strand cruciform 
cleavage. 
Cruciform 	structures 	and 	Holliday 	junction 
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recombination intermediates are topologically equivalent 
(Lilley and Kemper, 1984; see figure 1.5), and it was 
proposed that Holliday resolving enzymes recognise the 
cruciform and cleave it, leading to replicon inviability 
(Hizuuchi at al., 1982b; Leach and Stahl, 1983). As 
RecBCD is a candidate for such an enzyme, the observation 
that palindrome-carrying phage are viable in recBC 
sbcB(C) mutant hosts seemed to support this hypothesis. 
T4 endonuclease VII . has been shown to resolve Holliday 
junctions in vivo (Nishimoto at al., 1979) and to cleave 
cruciforms across the base in vitro (Lilley and Kemper, 
1984). Similar properties have been demonstrated for the 
T7 gene 3 product (deMassy at al., 1984), an enzyme from 
Saceharoizyces cerevisiae (West and Korner, 1985) and 
human placental endonuclease (Jeyaseelan and Shanmugam, 
1988). However, although RecBCD has been shown to cleave 
Holliday junctions in vitro, it is not yet clear which 
enzyme resolves these intermediates in' E.coli. Since 
viability is only fully restored in recBC sbcB(C) 
mutants, the sLioB gene product exonuclease I was also 
thought to be involved, perhaps , as another Holliday 
resolvase. The single-stranded regions of the replication 
fork might facilitate extrusion as described in section 
1.6, explaining the role of replication in inviability. 
The second hypothesis is that secondary structures 
formed by the palindrome interfere with replication 
(Bolivar at aL, 1977a; Hagan and Warren, 1983; Leach and 
Lindsey, 1986; Shurvinton at al., 1987). Replication in 
41 
Figure 1.5 The topological equivalence of cruciform 
structures and Holliday junctions. 
A Holliday junction drawn in the trans configuration. 
A cruciform structure. 
Cleavage may occur diagonally across the base of either 
structure, to resolve the Holliday junction or to destroy 
the palindrome-containing rep licon - 
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a. 	 In 
this case is a target rather than an effector of 
Palindrome-mediated inviability. The in vitro and in viva 
evidence for polymerase stalling at hairpins has been 
described in detail in section 1.8. The attraction of 
this model is that it can account for both inviability 
and instability, as polyinerase stalling at a hairpin 
would provide the opportunity for strand slippage which 
generates deletions, and could also be lethal to the 
replicon. 
Lindsey and Leach (1989) used Dam methylation in vivo 
to follow the fate of X. phage carrying the 571bp 
palindrome described earlier. The level of hemimethylated 
DNA represents molecules retaining one input strand 
following replication, and should therefore remain 
constant throughout the infection., It was shown that, 
although the level of Palindrome-containing DNA decreases 
as expected, _there is no change in the proportion of 
hemimethy].ated DNA. This argues that inviability is not 
due to DNA destruction, although a decrease in 
heminiethylated DNA was seen in one host strain, 
suggesting that cleavage might occur under some 
circumstances. A single-strand cleavage event, in which a 
hairpin forms on the lagging strand but not the leading 
strand during replication, would lead to cleavage and 
degradation of one strand. This would result only in a 
50% reduction in hemimethylated DNA, and these 
experiments may not be sensitive enough to detect so 
small a change. 
It has been demonstrated that phage carrying the 571bp 
palindrome replicate at about 60% of the control rate in 
43 
rec' and recA cells and 80% in recBC sbcBC cells (Janet 
Lindsey, PhD thesis 1987). This supports the hypothesis 
that replication is stalled at the hairpin long enough to 
reduce phage burst size or plasmid copy number to a 
lethal degree. The apparent involvement of the RecBCD 
enzyme could in this case be explained by the long 
single-strand loops generated during unwinding, which 
might catalyse extrusion. 
Most of the recBC sbcB strains used during these 
experiments are also RecD-, as the recB21 mutation is 
polar on recD. In section 1.9 it was pointed out that all 
of these strains also carry a mutation in sbcC. This was 
not known at the time that these models were formulated, 





2.1.1 Bacteria, phages and plasmids. 
The bacterial strains, bacteriophages and plasmidá 
used in this work are described in tables 2.1, 2.2 and 
2.3 respectively. 
2.1.2 Bacteriological media. 
The following quantities are for 1 litre volumes, made 
up in distilled water and sterilised by autoclaving for 
20 minutes at 15lb/in 2 . 
BBL agar 	- 	Trypticase 	(Baltimore 	Biological 
Laboratories), '109: NaCl, lOg: Difco agar, lOg. 
BBL top agar - As for BBL agar but containing only 6.5g 
of Difco agar per litre. 
L broth - Difco Bacto Tryptone, lOg: Difco Bacto Yeast 
Extract, 5g:.NaC1, lOg. Adjusted to pH7.2 with NaOH. 
L broth p/c - L broth supplemented with 0.2% maltose and 
5mM HgSO4. 
L agar - L broth containing 15g of Difco agar per litre. 
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Table 2.1 	E.cOIi strains used in this work. 
Notes. 
These strains are derivatives of AB1157, genotype F- , 
DEL(gpt-pro)62 arg3 his-4 leuB6 thr-1 ara-14 galZ2 lacYl 
iztl-1 thi-1 supE44 .rpsL31 tsx33 rfbDl ,zgl-51 xyl-5. 
These strains are pru' recombinants from a mating 
between lUllS and a pro,' sbcC201 transductant of Hf r 
CGSC4515 (Lloyd and Buckman, 1985). The reeD and/or recA 
mutations 	were 	introduced 	subsequently by Fl 
transduction. 
These strains are derivatives of R594, genotype F 
1ac3350 galK2 galT22 rpsL179 IN(rrnD-rrn)l. 
These strains are derivatives of C600, genotype F 
thr-1 leuB6 rfbDl supE44 lacYl thi-1 tonA21. 
These strains are derivatives of JM83, genotype F- ara 
DEL(lac-pro) rpsL thi 080 lacZ-del-M15. 
These strains are derivatives of K802, genotype F 
hsdR2 lacYl supE44 galR2 ga1722 rfbDl metBl. 
reeB21 is polar on reeD (Amundsen et al., 1986). 
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Strain Notes Description Source 
AC4 3 sbcC201 phoR: : Tn 10 This work 
AC5 5 DL494/pAC1 This work 
AC9 5 DL494/pAC2 This work 
AC14 1 N2879/pJL1 This work 
AC15 1 N2361/pJL1 This work 
AC16 1 N2361/pUC18 This work 
AC17 1 N2679/pUC18 This work 
AC24 1 sbcC15 sbcC201 phoR::TnlO This work 
AC25 1 recJ77 recD1009 sbcC201 This work 
phoR::TnlO 
AC26 1 recJ153 recD1009 sbcC201 This work 
phoR: :TnlO 
DL187 1 JC9937(AJMC082) D. Leach 
DL326 1 recA13 sup° D. Leach 
DL491 4 hsdR mcrA me--B recDlO09 pro D. Leach 
sbcC201 phoR: : TnlO 
DL493 4 hsdR iicrA izcrB pro N. Murray 
DL494 5 sbcC201 phoR::TnlO D. Leach 
DL497 4 hsdR 	crA mcrB pro sbcC201 D. Leach 
DL538 4 hsdR iicrA mcrB recD1009 D. Leach 
sbcC2Ol 
DL651 4 hsdR ricr.A mcrB recDlO09 D. Leach 
sbcC201 recA: : Cm9 
DL852 S zicrA zcrB sbcC201 D. Leach 
1N347 1 recJ284 lac-- R. Lloyd 
1N348 1 recJ284 sbcC201 R. Lloyd 
JC7623 1,7 recB21 recC22 sbcB15 sbcC201 R. Lloyd 
JC7689 1 sbcB15 sup G. Smith 
JC9387 1,7 recB21 recC22 sbcB15 sbcC201 F. Stahl 
sup0 
JL25 5 JM83/pJL1 J. Lindsey 
JH83 5 D. Finnegan 
K802 6 incrA mcrB N. Murray 
N2361 1 rec1- R. Lloyd 
N2362 1,7 recB21 R. Lloyd 
N2363 1 recC22 R. Lloyd 
N2364 1 sbcC201 phoR::TnlO R. Lloyd 
N2365 1,7 recB21 sbcC201 phoR::TnlO R. Lloyd 
N2366 1 recC22 sbcC201 phoR::TnlQ R. Lloyd 
N2644 1 recJ77 recDlOOS R. Lloyd 
N2646 1 recJl53 recD1009 R. Lloyd 
N2678 1,2 recD1009 R. Lloyd 
N2679 1 sbcC201 R. Lloyd 
N2680 1,2 recD1009 sbcC201 IL Lloyd 
N2691 1,2 recA269::Tn10 R. Lloyd 
N2692 1,2 recA269::TnlO recD1009 R. Lloyd 
N2693 1,2 recA269::TnlQ sbcC201 lac- R. Lloyd 
N2694 1,2 recA269::TnlO recD1009 R. Lloyd 
sbcC201 1ac 
NM621 4 hsdR iicrA iicrB recDlOO9 pro N. Murray 
R594 3 F. Stahl 
Table 2.2 Bacteriophage strains used in this work. 
Notes. 
c1857 encodes a temperature-sensitive repressor, and 
pa1571 indicates that the phage carries a 571bp 
Palindro!1e.LSpi6 and b1453Aare red gam. 
Further information regarding these phage is provided 
in Chapters 3 and 4. 
Sa7 is a suppressible mutation in S, a lysis gene 
which encodes a protein involved in membrane pore 
formation (Wilson, 1982). 
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Phage Notes Description Source 
ADRL110 1,3 red3 gam210 c1857 San7 pa1571 D. Leach 
?DRL112 1 6spi6 c1857 D. Leach 
2DRL116 1,2 /spi6 c1857 pa1571 D. Leach 
7DRL129 1,2 Lb1453 c1857 pa1571 D. Leach 
2DRL130 1,2 Lb1453 c1857 pa1571 )B76  Leach 
DRL133 1,2 1spi6 c1857 pa1462  Okeley 
1DRL134 1,2 f.spi6 c1857 pa1476 E. Okeley 
DRL135 1,2 fspi6 c1857 pa1472 E. Okeley 
)DRL137 1,2 6spi6 c1857 pa1579 E. Okeley 
DRL148 1,2 L\spi6 c1857 pa1516 E. Okeley 
2MMS659 1 Lb1453 c1857 F. Stahl 
2MMS885 1 Ab1453 c1857 XD F. Stahl 
Plkc 2 H. Masters 
Plasmid Notes Markers 
pAC1 	1 Ap 
pAC2 	1 ApR 
pBR322 ApR TcR 
pJL1 ApR 
pJL4 	1 ApR 






Bolivaret al (1977b) 
Leach et al (1987) 
Janet Lindsey 
Janet Lindsey 
Chambers et al (1988) 
Yanisch-Perron et al (1984) 
LC agar - As for L agar but containing only 5g of NaCl, 
and supplemented with 0.3Z glucose, 0.8mM CaClz, 41114 PeCla 
and 2mg of vitamin Bi per litre.. 
LC top agar - As for LC agar but containing only 7g of 
Difco agar per litre. 
Seakem agar - L broth containing lOg of Seakem (FMC 
Corporation) agarose per litre and with the same 
supplements as LC agar. 
Seakem top agar - As for Seakem agar but containing only 
4g of Seakem agarose per litre. 
2.1.3 Media additives. 
Ampicil]in (Beecham Research Laboratories) was used at a 
concentration of lOOp.g/ml unless otherwise stated.. 
Tetracycline (Sigma Chemical Company) was used at a 
concentration of lOpg/ml. 
2.14 General solutions. 
The following buffers were used in several procedures. 
All other solutions and buffers are listed under the 
relevant procedure. 
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Phage buffer - NaHPO4, 7g: KH2PO4, 39: 0.114 MgSO4, lOini: 
1% (w/v) gelatin, hi. Autoclaved. 
TE buffer - 10mM Tris: hiM EDTA. Adjusted to pH7.5 with 
concentrated HC1. Autoclaved. 
TM buffer - 10mM Tris: 10mM HgSO4. Adjusted to pH8 with 
concentrated HC1. Autoclaved. 
2.1.5 Solutions for concentration of phage A lysates. 
DNase (Sigma Chemical Company) - 10mg/mi in sterile TE 
buffer. Stored at -20°C. 
RNase (Sigma Chemical Company) - Made up at 10mg/nil in 
sterile TE buffer, then placed in a boiling water bath 
for 10 minutes to denature any contaminating DNases. 
(RNase is not denatured at 100°C). Stored at -20°C. 
2.1.8 Solutions for Fl transduction. 
0.514 	CaC12 	stock 	- Made up in distilled water. 
Autoclaved. 
114 sodium citrate stock - Made up in. distilled water. 
Autoclaved. 
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2.1.7 Solutions for transformation. 
iN MgC12 stock - Made up in distilled water. Autoclaved. 
0.5M CaC12 stock - Described in section 2.1.6. 
Storage solution - 0.1M HOPS/NaOH 50mM CaCl2 20% (v/v) 
glycerol. Adjusted to pH6.5 with HC1. Stored at 4°C. 
2.1.8 Solutions for detection of cloned inserts in pUCI8 
and related vectors. 	 - 
IPTG 	(Anglian Biochemicals) - 24mg/mi in st&rile 
distilled water. Stored at -20°C. 
Xgal 	(Anglian 	Biochemicals) 	- 	24mg/ml 	in 
dimethylformajnjde. Stored at -20°C. 
2.1.9 Solutions for phenol extraction. 
Equilibrated phenol - Distilled phenol was stored at 4°C 
under water in a light-proof bottle following the 
addition of 0.1% hydroxyquinoljne, and equilibrated with 
iN Tris/HC1 before use. 
2.1.10 Solutions for ethanol precipitation. 
3M sodium acetate pH5.3 - sodium acetate solution (3M in 
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acetate) was prepared by adding 0.19 volumes of sterile 
3M acetic acid to 0.81 volumes of sterile 3M sodium 
acetate. 
tRNA (Boehringer Mannheim) - 1mg/mi in sterile TB buffer. 
Stored at -20°C. 
2.1.11 Solutions for small-scale preparation of A DNA. 
0.25M EDTA pH8 - 0.25M EDTA disodium salt adjusted to pH8 
with glacial acetic acid. Autoclaved. 
Tris acetate - 2H Tris acetate adjusted to pH7.5 with 
glacial acetic acid. 
10% SDS - 10% (w/v) SDS in sterile distilled water. 
Filter sterilised. 
5M potassium acetate - potassium acetate pH7.5 (5M in 
acetate) was prepared by adding 0.1 volumes of glacial 
acetic acid to 0.6 volumes of sterile 5M potassium 
acetate and 0.3 volumes of distilled water. 
2.1.12 Solutions for large-scale preparation of A DNA. 
CsC1 solutions - 31.2%, 45.4% and 56.2% (w/w) caesium 
chloride made up in sterile phage buffer. 
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70% ethanol - Prepared by adding 0.3 volumes of distilled 
water and 0.7 volumes of ethanol. 
2.1.13 Solutions for small-scale preparation of plasmid 
DNA. 
B/B buffer - 25mM Tris/HC1 pH8: 10mM EDTA: 0.9% glucose. 
Autoclaved. 
Alkaline SDS solution - 0.2)1 NaOH: 1% SDS. Freshly 
prepared at room temperature. 
High salt solution - Sodium acetate pH4.8 (3M in sodium) 
was prepared by adding 0.4 volumes of sterile 5)1 acetic 
acid to 0.6 volumes of sterile 5)1 sodium acetate. 
70% ethanol - Described in section 2.1.12. 
2.1.14 Solutions for large-scale preparation of plasmid 
DNA. 
25% sucrose solution - 25% (w/v) sucrose: 50mM Tris/HC]. 
pH8. Autoclaved. 
Lysozyme solution - 20mg/mi lysozyme in sterile 0.25)1 
Tris/HC1 pH8. Freshly prepared at 0°C. 
0.25)1 EDTA pH8 - Described in section 2.1.11. 
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Lytic mix - 50mM Tris/HC1 p118: 64.5 mM EDTA: 0.1% (w/v) 
Triton (xlOO). Autoclaved. 
2.1.15 Solutions for caesium chloride/ethjdjujn bromide 
density gradients. 
Ethidium bromide - lOmg/ml in sterile TE buffer. Stored 
at 4°C in a light-proof bottle. 
CsC1/EtBr solution - Prepared by adding imi of TB buffer 
and 0.1ml of ethidium bromide for every ig of caesium 
chloride. 
Butanol - Butan-1-ol saturated with a solution containing 
511 NaC1: 10mM Tris: 1mM RDTA adjusted to pH8 with 
concentrated HC1. 
70% ethanol - Described in section 2.1.12. 
2.1.16 Solutions for DNA restriction. 
Restriction buffers (lOx) - Buffers were purchased from 
Boehringer Mannheim and are described in . table 2.4. 
Stored at -20°C. 
Restriction enzymes - Enzymes used in this work are 
described in table 2.5. 
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Table 2.4 Composition of restriction buffers (Boehringer 
Mannheim). 
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Final concentration in mmol/l 
(1:10 diluted set buffer) 
A L H H 
Tris acetate 33 - - - 
Tris-HC1 - 10 10 50 
Hg-acetate io - - - 
HgC12 
- 10 10 10 
K-acetate 66 - - - 
NaC1 - 
- 50 100 
DTE 
- 1 1 1 
DTT 0.5 - - - 
PH at 37°C 7.9 8 7.5 7.5 
Table 2.5 Restriction enzymes used in this work. 
Notes. 
The recognition sequence is shown in the 5 	to 3' 
direction. 
The point of cleavage is indicated by the down-pointing 








































Final sample buffer (FSB) - 0.1% bromophenol blue: 0.1251't 
EDTA: 0.5x TBE: 50% (v/v) glycerol. 
2.1.17 Solutions for DNA ligation. 
Dilution buffer - 50mM KC1: 10mM Tris/HC1 pH7.5: 0.1mM 
EDTA: 1mM DTT: 200ig/inl BSA: 50% glycerol. Prepared from 
sterile solutions and stored at -20°C. 
Reaction buffer (lOx) - 500mM Tris/HC1 pH7.8: 100mM 
MgCl2: 200mM DTT: 500p.g/ml BSA. Stored at -20°C. ATP 
(disodium salt) was added to a concentration of 10mM 
before use. 
DNA ligase (New England Biolabs) - Diluted 10-fold in 
dilution buffer before use. 
2.1.18 Solutions for agarose gel electrophoresis. 
TBE buffer (lOx) - 1M Trig: 0.83H boric acid: 10mM EDTA. 
Final sample buffer - Described in section 2.1.16. 
Ethidium bromide - Described in section 2.1.15. 
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2.1.19 Solutions for Southern transfer of DNA from 
agarose gels. 
Denaturation solution - 1.511 NaCl: 0.511 NaOH. 
Ammonium acetate solution - 111 ammonium acetate adjusted 
to pH8 with NaOH. 
2.1.20 Solutions for nick translation and purification of 
probe DNA. 
Nick translation buffer (4x) - 210mM Tris/HC1 pH7.5: 21mM 
MgC12: 20ig/m1 BSA. Prepared from sterile solutions and 
stored at -20°C. 
dNTP buffer - Nick translation buffer (4x), lOOiil: 2mM 
dGTP, 	4til: 	2mM 	dATP, 	4itl: 	2mM 	dTTP, 	4il: 	1411 
-mercaptoethanol, 1il: distilled water to 400iil. Stored in 
20111 aliquots at -20°C. 
DNA Poll dilution buffer (2x) - lmg/ml BSA, 2ml: 111 
L-inercaptoethanol, 20111: 211 ammonium sulphate, 100111: 111 
Tris/HC1 pH7.5, 100111. Made from sterile solutions and 
stored at -20°C. 
DNaseI dilution buffer - Poll dilution buffer (2x), imi: 
glycerol, liii. 
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DNaseI stock - 1mg/mi DNaseI (Boehringer Mannheim) was 
serially diluted in DNaseI dilution buffer to a final 
concentration of 2x10 -5mg/ml and stored at -20°C. 
DNA Poll - purchased from Boehringer Mannheim. 
2.1.21 Solutions for hybridisation using nitrocellulose 
filters. 
Denhardts solution (50x) - Gelatin, lOg: 	polyvinyl 
pyrrolidine (MW 700,000), ig: Ficoll 400, ig: distilled 
water to 100 ml. Stored at -20°C. 
1)1 sodium phosphate buffer p117 - Prepared by adding 0.39 
volumes of 1)1 NaH2PO4 and 0.61 volumes of Na2HPO4. 
SSCP (lOx) - 1.2)1 NaCl: 0.15)1 sodium citrate: 0.2)1 sodium 
phosphate buffer pH7. 
Salmon sperm DNA - Made up at 10mg/mi in sterile TE 
buffer following sonication, phenol extraction and 
ethanol precipitation. Stored at -20°C. 
Prehybridisation solution - 50% formamide: 4x SSCP: 5x 
Denhardts solution. 
SSC (20x) - 3M NaCl: 0.3)1 sodium citrate. 
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2.2 METHODS. 
2.2.1 Storage and growth of bacteria. 
Bacteria were kept at 4°C on L plates. For longer term 
storage, 2nd of a stationary phase culture were added to 
10 drops of sterile glycerol in a screw-top bijoux bottle 
and stored at -20°C.. Permanent stocks were prepared by 
adding inil of a stationary phase culture to 5 drops of 
sterile glycerol in an Eppendorf, and were stored at 
-70°C. Overnight cultures were grown by inoculating a 
single colony into L broth and shaking at 37°C, except 
where otherwise stated. 
PHAGE TECHNIQUES. 
2.2.2 Titration of phage A stocks. 
a. Accurate titration. 
A plating culture of the required bacterial strain was 
made by diluting an overnight culture 10-fold into L 
broth p/c, growing it up with shaking at 37°C to 2x10 8 
cells/ml (ODe5oO.45), and adding an equal volume of TM 
buffer. The phage stock was diluted serially in TM 
buffer, and 0.1nil of each appropriate dilution were added 
to 0.25m1 of the plating culture and left to adsorb for 
.10 minutes at room temperature. 2nd of molten BBL top 
agar at 46°C were then added and the mixture was poured 
onto a fresh, dried BBL plate. The plaques were counted 
after incubating the plates overnight at 37°C. 
b. Spot tests. 
If a rough estimate of phage titre was required before 
performing an accurate titration, 0.25m1 of plating cells 
in 2inl of molten BBL top agar were poured onto a BBL 
plate and allowed to set. 1091 aliquots of each phage 
dilution were then spotted onto the bacterial lawn and 
allowed to dry before incubating the plates overnight at 
37°C. This technique was especially useful for comparing 
the behaviour of phages on strains giving widely 
different plating efficiencies, in order to identify a 
suitable phage dilution for accurate titration in each 
case. 
2.2.3 Burst size experiments. 
The appropriate phage mixes were titrated, and the 
plaques picked onto indicator strains to confirm the 
ratio of the phage. A plating culture of the required 
strain was made by diluting an overnight culture 100-fold 
into L broth p/c and growing it up with shaking at 37°C to 
2x108 cells/ml (0D650=0.45). The culture was centrifuged 
for 5 minutes at 4.5krpni (MSE Centaur-2 bench 
centrifuge), and the pellet resuspended in an equal 
volume of TM buffer. The cells were then starved by 
shaking at 37°C for a further 30 minutes. 0.5m1 of starved 
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cells were mixed with 0.5jnl of phage, and adsorption was 
allowed for 30 minutes at 37°C. The mixture was then 
sterile filtered with 20m1 of L broth, and the cells 
retained by the filter were resuspended in 5m1 of L 
broth. A 5m1 aliquot of a 100-fold dilution of this 
suspension was immediately lysed with 50ijl of chloroform, 
and titrated to measure the unadsorbed phage. lOOmi of a 
100-fold dilution of the suspension was incubated at 37°C 
for 60 minutes with shaking to allow one round of 
infection. The cells were then lysed with 50iil of 
chloroform, and the cleared lysate was titrated to 
measure the burst size. In each case plaques were picked 
onto the indicator strains to measure the ratio of the 
phage. 
2.2.4 Preparation of phage A stocks by plate lysates. 
The required phage was titrated (section 2.2.2) and 
single plaques were picked using a Pasteur pipette-into 
imi of TM buffer. The mixture was whirljmixed with 20iil of 
chloroform and left for one hour at 4°C to allow diffusion 
of phage from the agar plug. 300iil, lOOiil and 50d amounts 
of the resulting phage suspension were added to 0.25m1 
amounts of a fresh plating culture and allowed to adsorb 
for 10 minutes at room temperature. 2nd of molten LC top 
agar at 46°C were then added to each tube, and the 
mixtures poured onto very fresh LC plates which were 
incubated at 37°C for 4-10 hours until the lawn reached 
confluent lysis. 5ml amounts of TN buffer were poured 
onto the lawn, and a pipette was used to homogenise the 
top agar and thus harvest the phage. The buffer was 
decanted, whiriimjxed with a few drops of chloroform and 
centrifuged in an MSE Centaur-2 bench centrifuge for 10 
minutes at 4.5krpm to remove agar and cell debris. The 
supernatant was titrated and stored at 4°C. 
If the lysate was required for preparation of A DNA 
(section 2.2.14) the same procedure was followed, except 
that the plates and top agar were made using Seakem 
agarose as described in section 2.1.2. This is a very 
pure form of agarose which contains no contaminating 
enzyme inhibitors. 
2.2.5 Preparation of phage A stocks by liquid lysates. 
This method was used when large quantities of phage 
were required. An overnight culture was diluted 40-fold 
into L broth supplemented with 0.01M NgSO4, and grown at 
37°C with shaking to 2x10 8 cells/ml (0D650=0.45). Phage 
were then added at a multiplicity of infection of 
0.01-0.1 (higher multiplicities were used for less 
vigorous phage strains), and the flasks returned to 37°C 
with shaking. After 1.5-4 hours of growth cell lysis 
occurs and the 0D650 falls. When two successive 0D850 
readings were the same, showing that the minimum had been 
reaèhed, imi of chloroform per 500ml of lysate was added 
and shaking was continued for a further 10 minutes to 
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complete lysjs. The lysate was then centrifuged at 10krpm 
for 10 minutes (Sorvall centrifuge, GSA rotor) to remove 
debris, and the supernatant was titrated as described in 
section 2.2.2 and stored at 4°C. 
2.2.8 Concentration of phage A lysates. 
This was possible for liquid lysates with a titre of 
5x109 phage/mi or greater. Phage were pelletted in lOOmi 
HSE polypropylene tubes by centrifugation at 21krpm for 3 
hours at 20°C (MSE centrifuge, titanium lOxlOOml rotor). 
The pellet was then overlaid with 2m1 of phage buffer and 
resuspended overnight with gentle rotation at 4°C. RNase 
and DNase were each added to a final concentration of 
1ig/ml, and the reaction was allowed to proceed for one 
hour at room temperature. The suspension was then 
clarified by centrifugation at lOkrpm for 10 minutes at 
4°C (Sorvall centrifuge, SS34 rotor) to remove any 
remaining debris, and stored at 4°C. 
2.2.7 P1 transduction. 
As P1 requires calcium ions for efficient adsorption, 
the media used in this procedure were all supplemented 
with calcium chloride as described below. 
a. Production of phage P1 stocks by plate lysates. 
The P1 stock was serially diluted to give 10 8 , 10 and 
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108 plaque forming units per ml, and 0.1ml amounts of 
each dilution were mixed with 0.2m1 of fresh plating 
culture grown up in L broth supplemented with 2.5mM 
CaClz. As a control for solution sterility, 0.2m1 of 
cells without added phage were also used. Adsorption was 
allowed for 30 minutes at 37°C, then 2.5m1 of molten LC 
top agar supplemented with 5mM CaCl2 at 46°C were added 
and the mixture poured onto very fresh LC plates, also 
containing 5mM CaCl2. After 6-8 hours incubation at 37°C, 
those plates showing confluent lysis were harvested in 
5m1 of phage buffer as described in section 2.2.4. Cell 
debris was removed by centrifugation at 4.5krpm in a 
Centaur-2 bench centrifuge for 10 minutes. 
Titration of Fl lysates. 
Fl stocks were titrated as described for A in section 
2.2.2, except that the plating culture was supplemented 
with 2.5mM CaC12, and 5mM CaCl2 was added to the plates. 
Adsorption was at 37°C for 20 minutes. 
Fl transduction. 
An overnight culture was grown in L broth supplemented 
with 2.5mM CaC12, and imi aliquots were pelletted for 5 
minutes in an Eppendorf centrifuge at maximum speed and 
resuspended in 0. lid of the same broth. The Fl lysate was 
diluted to give a multiplicity of infection of 0.1, and 
0.1ml of this dilution were added to the cell suspension 
and allowed to adsorb at 37°C for 20 minutes. 0.1ml of 
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cells without added phage were also used as a control. 
0.8inl of L broth containing 2mM sodium citrate were then 
added to prevent further infection and incubation was 
continued for 30-60 minutes. 0.1ml aliquots of each 
infection mixture were spread evenly onto L plates 
supplemented with the appropriate antibiotic, and 
incubated at 37°C overnight. Single colonies were then 
purified on the same selective plates. 
PLASMID TECHNIQUES. 
2.2.8 Plasmid amplification. 
An overnight culture of the plasmid-car].-yjng strain, 
grown in L broth containing the appropriate antibiotic 
(ampicillin for all plasmids used in this work), was 
diluted 50-fold into L broth and-grown up at 37°C with 
shaking to an ODsgo of 1. Chioramphenico]. (Sigma Chemical 
Company) was then added to a final concentration of 
150ig/ml, and the culture was shaken overnight at 37°C. 
2.2.9 Testing plasmid stability. 
The bacterial strains to be tested were transformed 
with the relevant plasinid (section 2.2.10) and purified 
on L plates containing antibiotic (ampicillj.n for all 
plasmids used in this work). Single colonies were grown 
overnight in L broth containing antibiotic. The culture 
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was then serially diluted into L broth, and 50tl of each 
dilution were spread onto both selective and 
non-selective plates which were incubated overnight at 
37°C. The ratio of colonies on these plates gave the 
proportion of cells carrying the plasmid at the zero 
generation time point, and this was confirmed by replica 
plating from the non-selective plates onto L plates 
contaning the antibiotic, using sterile velvets. 
Meanwhile the overnight culture was diluted to 10-6 in L 
broth without antibiotic and this dilution was grown 
overnight to give a second culture which was plated and 
subcultured as described above. The cycle was repeated 
seven or eight times to give the proportion of 
plasmid-containing cells at successive time points. As 
each overnight represents approximately 20 generations of 
cell growth, the loss of plasmid from the population 
after every 20 generations up to 150 under non-selective 
conditions could be plotted. 
2.2.10 Transformation. (Handel and Higa, 1970). 
a. Preparation of competent cells. 
A single colony was picked and grown up to 2x10 6 
cells/ml (ODe50=0.45) in 20m1 of L broth. The culture was 
chilled on ice for 15 minutes and then centrifuged for5 
minutes at 4.5krpm in an MSE Centaur-2 bench centrifuge. 
The pellet was resuspended in lOml of ice-cold 100mM 
magnesium chloride and immediately recentrifuged, and the 
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second pellet was resuspended in lOmi of ice-cold calcium 
chloride and left on ice for 30 minutes. The suspension 
was again centrifuged and the pellet resuspended in imi 
of storage solution. The competent cells could then be 
used immediately, or stored frozen at -20°C. 
b. Transformation. 
200iil 	aliquots of competent cells were added to 
precooled small test tubes, and following the addition of 
50-10ng of DNA per tube were left on ice for 30 minutes. 
A control tube without added DNA was included to test the 
sterility of the solutions used. The mixes were then 
heat-shocked for 2 minutes in a 42°C waterbath and rapidly 
cooled on ice, and 500uil of L broth were added to each 
tube. After shaking at 37°C for one hour to allow 
expression of the selectable antibiotic resistance gene, 
50ttl of each mix were spread onto L plates containing the 
appropriate antibiotic. The plates were incubated at 37°C 
overnight, and single colonies were purified using the 
same selection. 
2.2.11 Detection of cloned inserts in pUC18 and related 
vectors. 
2041 of IPTG and 3041 of Xgal were mixed and spread on 
the surface of L plates containing the appropriate 
antibiotic. The transformed cells were then spread onto 
the plates. Plasmids with inserts gave rise to white 
colonies while those without gave rise to blue colonies. 
DNA ISOLATION AND PURIFICATION. 
2.2.12 Phenol extraction. 
Phenol extractions were carried out in 30m1 Corex 
tubes or in Eppendorf tubes. An equal volume of 
equilibrated phenol was added to the DNA solution, and 
the two were mixed by inverting several times. The phases 
were separated by centrifugation for 5 minutes at 6krpm 
(Sorvall centrifuge, 5534 rotor) or at maximum speed in 
an Eppendorf centrifuge. The lower (phenol) layer was 
then discarded along with any material at the interface, 
while the top layer was ethanol precipitated. 
2.2.13 Ethanol precipitation. 
Ethanol precipitation was carried out in 30m1 Corex 
tubes or in Eppendorf tubes. 0.1 volumes of 3M sodium 
acetate p115.3 were added to 0.9 volumes of DNA in TB 
buffer, followed by 2 volumes of ice-cold ethanol. When 
precipitating small amounts of DNA such as A supercoj].s 
from a caesium chloride/ethidjum bromide density 
gradient, tRNA was also added at 5i.tg/ml to maximise 
recovery. The tube contents were mixed by inversion and 
incubated at -20°C for at least one hour to allow 
Precipitation. The DNA was then pelleted by 
centrifugation 	for 	10 minutes at lOkrpm (Sorvall 
centrifuge, SS34 rotor) or at maximum speed in an 
Eppendorf centrifuge. The pellet was dried in a vacuum 
desiccator and dissolved in the appropriate volume of TB 
buffer. 
2.2.14 Small-scale preparation of A DNA. 
A plate lysate of the required phage was prepared 
using Seakeni agarose as described in section 2.2.4. 
Provided it had a titre of 10 10 phage/ml or more, 400.i1 of 
the lysate were mixed with 60iil of 0.25)1 BDTA, 20iil of Tris 
acetate and 20R1 of 10% SDS, and incubated at 65°C for 30 
minutes. lOOiil of 5)1 potassium acetate were added and 
mixed in by inversion, and the mixture was held on ice 
for one hour. Following centrifugation for 10 minutes in 
an Eppendorf centrifuge at maximum speed to remove 
chromosome and cell debris, 400il of the supernatant were 
decanted and phenol extracted twice (section 2.2.12). 40R1 
of 3M sodium acetate pH5.3 and 1.1inl of ethanol were 
added to the final aqueous phase which was then incubated 
at -20°C for 30 minutes. The mixture was centrifuged for 
10 minutes and the DNA pellet dissolved in 100il of TE 
buffer. A second ethanol precipitation was then performed 
as described in section 2.2.13. The final pellet was 
dried in a vacuum desiCcator and dissolved in 40il of TE 
buffer. 
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2.2.15 Large-scale preparation of A DNA. 
Step gradient for phage purification. 
A concentrated and DNase/RNase treated phage 
suspension containing at least 1012  phage (section 2.2.6) 
was purified on a step gradient. This was made by 
successively underlaying 1.5m1 each of 31.2%, 45.4% and 
56.2% CsC1 solutions in a 14n1 HSE polycarbonate tube 
using a Pasteur pipette. The phage suspension was then 
carefully loaded on top of the CsC1 solution layers to 
within 2mm of the top of the tube, and the step gradients 
centrifuged at 35krpai for 2 hours at 20°C (NSE superspeed 
65 centrifuge, 6x14m1 titanium swing-out rotor) after 
balancing tubes to within 0.05g. Two bands could be seen 
in visible light of which the lower was the phage band 
while the upper band was protein and debris. The phage 
band was collected through the side of the tube using a 
syringe and hyperdermic needle. 
Equilibrium gradient for further purification. 
The band from the step gradient was loaded into a 6m1 
Sorvall polyallomer tube, which was filled and balanced 
to within 0.059 using 45.4% CsCl. The tubes were then 
crimp sealed and centrifuged overnight at 50krpm, 20°C 
(Sorvall ultracentrifuge, Sorval]. TV865 rotor), after 
which the phage band was collected through the side of 
the tube using a syringe and hyperderinjc needle. 
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c. DNA preparation. 
The phage band was dialysed against TE buffer for 3 
hours at 4°C, with several changes of buffer, to remove 
the CsC1. The dialysed supension was then phenol 
extracted (section 2.2.12) three times to disrupt the 
phage heads and dialysed overnight at 4°C against TE 
buffer, with several changes of buffer, to remove all 
traces of phenol. The DNA solution was ethanol 
precipitated (section 2.2.13) and washed in 70% ethanol, 
and the pellet was dried in a vacuum desiccator and 
dissolved in TE buffer. The DNA concentration was 
estimated using its absorbance at 260nm as given by a 
Perkin-Elmer Lambda 15 spectrophotometer. 
2.2.16 Small-scale preparation of plasinid DNA. (modified 
from Birnboim and Doly, 1979). 
A lOmi culture of the required strain was grown 
overnight in L broth supplemented with the appropriate 
antibiotic, and centrifuged at 4.5krpm for 10 minutes in 
a Centaur-2 bench centrifuge. The pellet was resuspended 
in 'OUR' of ice-cold B/B buffer and kept on ice for 10 
minutes, after which 200Rl of alkaline SDS solution were 
added and the cells returned to ice for a further 10 
minutes. 150iil of high salt solution were then added and 
the tube contents mixed by inversion. After a further 40 
minutes on ice, the mixture was centrifuged for 10 
minutes in an Eppendorf centrifuge at maximum speed. 400R1 
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of supernatant were decanted and recentrifuged to remove 
any remaining cell debris, and following the addition of 
lml of ice-cold ethanol were kept at -20°C for 30 minutes. 
The DNA was pelleted by centrifugation for 10 minutes in 
an Eppendorf centrifuge at maximum speed, washed twice in 
70% ethanol, dried in a vacuum desiccator and finally 
dissolved in 50i1 of TE buffer. 
2.2.17 Large-scale preparation of plasmid DNA. 
A 500ml culture 	of 	chloramphenicol-amplified 
plasziid-containing cells (section 2.2.8) was pelleted at 
8krpni for 10 minutes (Sorvall centrifuge, GSA rotor) and 
resuspended in 16.5m1 of ice-cold 25% sucrose solution. 
3.4m1 of lysozyme solution were added and the mixture 
swirled on ice for 5 minutes. Following the addition of 
6.7m1 of 0.25M EDTA pH8 and a further 5 minutes 
incubation on ice, 26.5ml of lytic mix were added and 
lysis was allowed to proceed on ice for 20 minutes. The 
crude lysate was centrifuged at 18krpm for 30 minutes at 
4°C (Sorvall centrifuge, SS34 rotor) to remove the 
chromosome and cell debris. The supernatant was phenol 
extracted and then ethanol precipitated twice, and the 
DNA was purified on one or two caesium chioride/ethidjum 
bromide density gradients as described in section 2.2.19. 
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2.2.18 Preparation of A supercoils. (modified from Reuben 
et al., 1974). 
An overnight culture was diluted 100-fold into L broth 
P/c and grown up at 37°C with shaking to 2x10 8 cells/ml 
(0D85O=0.45). The cells were pelieted at 8krpm for 10 
minutes (Sorval]. centrifuge, GSA rotor) and resuspended 
in 0.1 volumes of TM buffer. Following starvation of the 
cells by shaking at 37°C for 30 minutes,. the suspension 
was added to a phage mix containing two phage (for 
details see Chapter 3) each at a multiplicity of 
infection of 2, and adsorption was allowed for 30 minutes 
at room temperature. The mixture was then diluted 50-fold 
into L broth prewarmed to 37°C, and shaken vigorously at 
37°C for the required length of time (see Chapter 3 for 
details). Following rapid cooling in an ice-water bath to 
prevent further growth, the infected cells were 
centrifuged at 8krpm for 10 minutes (Sorvall centrifuge, 
GSA rotor), and washed to remove unadsorbed phage by 
resuspending the pellet in L broth and recentrifuging. 
The A DNA was then extracted using the procedure for 
large-scale plasmid preparation (section 2.2.17), except 
that the solution volumes used were altered depending on 
the volume of the starting culture. 
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2.2.19 	Caesium 	chlorjde/ethjdjum bromide density 
gradients. 	 - 
When purifying plasmid DNA, one gradient only was 
used. However two successive gradients were used to 
purify A supercoil DNA preparations in order to minimise 
contamination by chromosomal and linear A DNA. 
Chioramphenicol-amplified plasinid DNA was added to A 
supercojl preparations prior to making up the gradients, 
as it was found that there was insufficient A DNA to form 
a visible band under long wave UV light. 
First gradient. 
A DNA pellet from a large-scale preparation was 
dissolved in 9nil. of TE buffer. 99 of caesium chloride 
were added and dissolved, followed by 0.9m1 of ethidium 
bromide. The solution was loaded into 11.5m1 Sorvall 
polyalloner tubes which were then balanced to within 
0.05g, crimp sealed and centrifuged at 38krpin for 48 
hours at 20°C (Sorvall ultracentrifuge, Ti50 rotor). The 
DNA bands were visualised under long wave UV light, and 
the lower supercoiled DNA band was removed through the 
side of the tube using a syringe and hyperdermic needle, 
leaving the upper chromosomal and relaxed DNA band 
behind. 
Second gradient. 
The band was loaded into 6m1 Sorval]. polyallonier 
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tubes, which were then filled and balanced to within 
0.05g using a CsC1/EtBr solution of the same density 
(1.559/ml). The tubes were crimp sealed and centrifuged 
at 45krpm for 16 hours at 20°C (Sorvall ultracentrifuge, 
TV8.65 rotor). The supercoiled band was removed as before. 
c. Butanol extraction and ethanol precipitation of DNA. 
The DNA solution was mixed with an equal volume of 
butanol to remove the EtBr. When the two phases had 
separated the upper (butanol) layer was discarded, and 
four further extractions were performed to remove all 
visible traces of EtBr. The solution was then diluted in 
two volumes of TB buffer and tRNA was added to a 
concentration of 5ig/ml. Six volumes of ethanol were added 
and the mixture was left at -20°C for one hour. Following 
centrifugation at 10krpm for 10 minutes at 4°C (Sorval]. 
centrifuge, SS34 rotor) the DNA pellet was dissolved in 
0.9m1 of TB buffer and ethanol precipitated a second time 
as described in section 2.2.13. The final pellet was 
washed in 70% ethanol, dried in a vacuum dessicator and 
dissolved in 50iil of TE buffer. 
DNA MANIPULATION. 
2.2.20 DNA restriction. 
The restriction enzymes used are listed in table 2.5. 
The reaction was carried out using 10-2041 of DNA in TE 
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buffer, 	to which 0.1 volumes of the appropriate 
restriction buffer were added. An excess of enzyme was 
added to ensure complete digestion, followed by O.SRl of 
BSA and, where necessary, 0.5iil of RNase. The samples were 
then incubated for one hour or longer at 37°C. The 
reaction was stopped by the addition of 0.25 volumes of 
final sample buffer prior to loading on an agarose gel 
or, if the samples were required for ligation or 
phosphatasing, by heating at 70°C for 10 minutes. In the 
case of restricted A samples the latter treatment was 
also used to denature the cohesive ends, which would 
otherwise give rise to additional bands on the gel. 
2.2.21 DNA ligation. 
Reactions were carried out in a total volume of 15iil, 
and in cloning reactions at least 3 fragment molecules 
were added for every vector molecule. 0.1 volumes of lOx 
ligase reaction buffer were added to 0.9 volumes of DNA 
in TE buffer, followed by approximately 40 units of 
ligase. The reactions were incubated overnight at 15°C. 
DNA ANALYSIS. 
2.2.22 Agarose gel electrophoresis. 
Gels used for most purposes were 0.8% in TBE buffer 
(0.8g agarose per lOOmi of buffer). However 3% wide-range 
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agarose (Sigma Chemical Company) gels were used to 
resolve small fragments of 50-1000bp, and for resolution 
of large fragments of 15kb or more 0.6% agarose gels were 
used. Gels were one of two sizes - midi (dimensions 14cm 
x 11cm x 0.65cm) or maxigels (dimensions 25cm x 20cm x 
0.6cm). To prepare a midigel, the appropriate amount of 
agarose was dissolved in lOOmi of TBE buffer by simmering 
in a microwave oven. The quantities were trebled for 
maxigels. The molten agarose was cooled to 50°C, poured 
into a perspex mould with a 14-tooth slot former 
(20-tooth for a maxigel) and allowed to set. The gel was 
then placed into a BRL horizontal system for submerged 
gel electrophoresis with 1 litre of the same buffer (2 
litres for a inaxigel) and the slot former removed. DNA 
samples containing 0.25 volumes of final sample buffer 
were loaded into the gel slots using a micropipetter. 
Wide-range gels were run at 2.5V/cm for 1-2 hours, while 
other gels were run overnight at 1.5V/cm. Gels were 
stained by adding ethidium bromide to the running buffer 
to a concentration of 0.5ig/ml and leaving for one hour, 
and then examined in 304nm UV light on a C-62 Blak-Ray 
transilluminator (Ultraviolet Products Incorporated). 
Photographs were made on Polaroid 667 film using a red 
filter and a 2s exposure. 
2.2.23 Southern transfer of DNA from agarose gels. 
The procedure used was a Smith and Summers (1980) 
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modification of the original method (Southern, 1975). 
The portion of the gel showing DNA bands under 304nm 
UV light was cut out, and rotated gently in 0.2514 
hydrochloric acid for 15 minutes at room temperature to 
partially hydrolyse the DNA. This solution was replaced 
with denaturation solution and the rotation was continued 
for a further 30 minutes. The gel was then neutralised 
for one hour in ammonium acetate solution and placed on a 
perspex slab. A nitrocellulose filter (Schleicher and 
Schull, pore size 0.45iim) cut to the same size as the gel 
was soaked in the same solution and placed on top. After 
air bubbles had been rolled out using a pipette, four 
successive sheets of wet blotting paper cut to size were 
added in the same way. Finally a 2cm high stack of 
blotting paper of the same size was placed on top, and 
the whole gel "sandwich" was enclosed in Saran wrap to 
prevent drying out. A second perspex slab was added and 
weighted, and the gel was left to transfer overnight. The 
nitrocellulose filter was then washed in 2xSSC for 5 
minutes to remove salt. Excess moisture was removed by 
blotting, and the filter was baked in a vacuum oven at 
80°C for 90 minutes to fix the DNA. 
2.2.24 Nick translation and purification of probe DNA. 
(Haniatis et al.,1975; Rigby et al.,1977). 
A nick translation reaction contained 10-40iiCi of 
[a32P3dCTP mixed with 20111 of dNTP buffer and approximately 
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0.5ig of DNA, liii of DNaseI stock and 2 units of DNA 
polynierase I. The mixture was incubated at 15°C for 3 
hours, after which the reaction was stopped by the 
addition of 17041 of 1xSSC. A small Sephadex column was 
prepared by plugging a hi syringe with sterile 
siliconised glass wool at the base and filling it with 
Sephadex G-50 (fine). The column was prepacked to a bed 
volume of 0.9m1 by centrifugation in a 15m1 Corex tube at 
2krpm for 4 minutes (MSE Centaur-2 bench centrifuge), 
using an Eppendorf tube to collect the effluent which was 
discarded. Unincorporated nucleotides were then removed 
from the sample by loading it onto the column and 
recentrifuging. The purified probe DNA collected in the 
Eppendorf tube while unincorporated nucleotides remained 
in the column. 
2.2.25 Hybridisation using nitrocellulose filters. 
The baked filter was placed in a plastic bag with 
20-40ml of pre-hybridisation solution depending on its 
size. After removing air bubbles, the bag was sealed and 
left shaking at 37°C for 30 minutes. The radioactive probe 
DNA and 100i9/ml of salmon sperm DNA were placed in a 
boiling waterbath for 5 minutes to denature them, and 
then added to the bag which was resealed. Hybridisation 
was allowed to proceed overnight with shaking at 37°C. The 
filter was washed for 45 minutes at 37°C in three changes 
of 2xSSC, 0.1ZSDS (total volume 1 litre), and then for 60 
minutes in 2 changes of 1xSSC, 0.1%SDS (total volume 1 
litre). SDS was removed by briefly washing in 2xSSC, and 
the filter was blotted dry, wrapped in Saran wrap and 
autoradiographed. 
2.2.26 Autoradiography. 
Autoradiography was carried out at -70°C in Cronex 
(DuPont) cassettes containing "xtra-life" intensifying 
screens, using Cronex (DuPont) grade 4 X-ray film 
pref lashed to an 0D540 of 0.15. The exposure time varied 
from 2-24 hours for filters and kinase labelling 
experiments, to 1-3 days for sequencing gels. 
2.2.27 Densitometry. 
The amount of material present in bands was estimated 
using a Shimadzu CS-930 "dual-wavelength chromato 





The propagation of long DNA palindromes has hitherto 
only been possible in A vectors in recBC sbcBC hosts. The 
inviability of such phage in other genetic backgrounds 
has been attributed to the potential of palindromic 
sequences to adopt non-B duplex conformations, which then 
disrupt phage replication or act as substrates for 
cleavage as discussed in Chapter 1. The alleviatory 
effect of recBC sbcB mutations has been taken to indicate 
the involvement of ExoV and possibly Exol in this 
process. However the discovery of the sbcC mutation which 
is always present in recBC sbcB cells (Lloyd and Buckman, 
1985) leads to an alternative possibility - that it is 
the sbcC gene product which is the major cause of 
palindrome-mediated inviability. In this chapter this 
hypothesis is investigated using DRL116, a A phage 
carrying the 571bp palindrome described previously. Some 
of these results are published in Chalker et al (1988; 
see Appendix 1). 
The DNA of phage superinfecting a lysogen is 
circularised and supercoiled, but is not able to 
replicate due to the repressor produced by the A 
prophage. It was shown by Leach and Lindsey (1986) that 
equal amounts of the supercoiled DNA of a 
palindrome-containing phage compared to that of a 
palindrome-free control can be recovered from a lysogen, 
whether it is re or recBC sbeBC. This is consistent 
with the observation that DNA replication is required for 
an effect on phage viability to be seen (Shurvinton et 
82 
al., 1987). In this chapter and the one following, 
lysogens are used as hosts in supercoil recovery 
experiments as controls to establish the ratio of 
infecting phage before replication occurs. 
3.2 Preparation of A phage stocks and strain 
construction. 
Plate lysates of A DRL112 (jspi6 c1857) and 116 (Aspi6 
c1587 pa1571) were made from pre-existing stocks, using 
JC9387 plating cultures. Lysates of DRL116 were screened 
on JC9387 and N2361 to ensure that the majority of phage 
contained the palindrome. A reduction in plating 
efficiency on N2361 of 10 or more compared to JC9387 was 
considered to show an acceptably low level of reversion. 
When it was necessary to construct an sbcC strain, the 
parent was transduced using the adjacent tetracycline 
resistance marker on TnlC, which is- inserted into phoR 
(Lloyd and Buckman, 1985). The transductants were 
purified on tetracycline-containing media and screened 
for sbcC by spot testing with palindrome-containing 
phage, which showed an increased ability to plate on sbcC 
derivatives (see later sections). Where DRL116 was not 
able to distinguish transductants, the phage described in 
Chapter 4 were used for screening (see Chapter 4 for 
details). The markers are sufficiently closely linked as 
to allow 70% eotransduct ion of sbcC with phoR: :TnlO. 
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3.3 Plating behaviour of A DRL116 on an sbcC strain. 
DRL116 and the control phage DRL112 (which does not 
carry a palindrome; see table 3.4) were plated on N2361 
(rec-), N2364 (sbcC) and JC7623 (recBC sbcBC) as shown in 
table 3.1. The plating efficiency was noted in each ease, 
and the plating ratio of DRL116/DRL112 was determined. 
(This controls for any minor differences in plating 
efficiency in particular strains caused by factors other 
than the palindrome, as the two phage are isogenic apart 
from the palindromic insert in DRL116). Thirty plagues 
were picked, pooled and replated on N2361 and JC7623 to 
determine the reversion frequency of DRL116 on each 
strain (in other words, the proportion of phage in the 
emergent plaques which have lost their palindrome - see 
Leach and Stahl, 1983). Each plating and reversion 
experiment was repeated at least twice, to confirm its 
reproducibility; in each case there was no significant 
variation between the results. 
It can be seen from table 3.1 that while DRL112 plates 
with similar efficiencies on all three strains, the 
plating behaviour of DRL118 varies considerably. Plating 
on N2361 is down by 10 compared to JC7823, and while 
the reversion frequency on JC7623 is extremely low, most 
of the progeny phage on N2361 are revertants. The 
behaviour of DRL116 on N2364 however resembles that on 
JC7623, showing a high plating efficiency and low 
reversion frequency. Hence DRL116 plates as efficiently 
OA 
Table 3.1 Plating behaviour of DRL116 (i).. 
Notes. 
For a fuller description of the strains used, see 
tables 2.1 and 2.2. 
The results are given as plaque forming units per ml, 
and represent the mean of the results of at least three 
separate plating experiments performed on separate days. 
Column 5 shows the ratio of plating of DRL116 to 
DRL112, adjusted so that on JC7623 the ratio is 1, ie 
Plating ratio = DRL116/strain X x DRL112/JC7623 
DRL112/strain X DRL116/JC7623 
The reversion frequency is the proportion of the 
progeny phage which, when picked and replated, are able 
to grow on N2361. This has been shown in representative 
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on an shoC strain as on a recBC sbcBC strain, with no 
significant deletion of the palindrome occurring. Indeed, 
N2364 can be used to make plate lysates of DRL116, a 
procedure requiring multiple rounds of replication and 
re-infection. The phage stocks obtained are high titre 
with a reversion frequency of 10-5 or lower (data not 
shown). 
The plaques formed by DRL116 and 112 on the N2364 were 
approximately equivalent in size, indicating that sbcC 
restores normal burst size to the palindrome-containing 
phage. Unless otherwise stated, this is the case 
throughout for the sbcC strains tested, and where other 
mutations were present plaque size varied between hosts 
as expected for red gam phage. 
3.4 Supercoil recovery of A DRL116 in an sbcC strain. 
N2361, N2364 and DL187 (a lysogen) were used for 
supercoil recovery experiments, which were carried out as 
described in section 2.2.18 using phage DRL116, which 
carries a 571bp palindrome, and a control phage MMS659. 
A 10 minute infection period was allowed after 
adsorption. This is sufficient to allow theta replication 
to occur, but prevents the DNA packaging into phage 
heads. In reeB, C or D hosts this short period also 
prevents the initiation of rolling-circle replication, 
which produces linear DNA. After purification of the A 
supercojis, the DNA was restricted with EcoRI and 
electrophoresed on an agarose gel. The fragments were 
then transferred onto a nitrocellulose filter and 
hybridised to 32P-labelled A DNA, in order to increase 
the sensitivity of the experiment. The phage each carry a 
different deletion (spi6 and b1453 respectively), which 
allows them to be distinguished by their EcoRI 
restriction patterns as shown in figure 3.1(i). The two 
diagnostic fragments are different enough in size to 
allow them to be resolved on a gel and to be traceable 
for densitometry, but close enough to allow comparison of 
the band densities. These can then be used to quantify 
the relative yields of phage supercoiled DNA after 
correcting for fragment size. 
It can be seen from figure 3.1(u) that the level of 
DRL116 supercoils compared to the control phage HH5659 is 
lower in N2361 than in N2364 or DL187. The DNA yields 
were quantified by densitometry, and the ratio of the 
band unique to DRL116 (F) and the band unique to MMS659 
(C) was calculated in each case. This gave the relative 
recovery of palindrome-containing supercoiled DNA 
compared to control DNA in each - 'strain. The ratio of the 
two bands in DL187 represents the ratio of the phage in 
the infecting mixture. In this case the (P/C) ratio for 
DL187 is 0.59. This result was then used to calculate the 
relative recovery of palindrome-containing DNA in a 
Particular strain compared to the lysogen, given by: 
R(P,'C) = (P/C strain X)/(P/C DL187) 
Hence, as the P/C ratio for N2361 is 0.19: 
Figure 3.1 Supercoil recovery of DRL116 (i). 
Notes. 
EcoRI restriction maps of the phage used, showing 
genotype. spi6 and b1453 are deletions and 	are 
represented as interruptions in the genome. In DRL116 the 
second EcoRI fragment is replaced by the palindrome. 
Fragments P. C and S were used to quantitate the recovery 
of supercojied molecules (see text). The size of each 
fragment is given in kb. 
Supercoiled DNA recovered from cells infected with 
DRL116 and MMS659, digested with EcoRI. 
Lane 1 - DL187 lysogen 
Lane 2 - N2361 real- 
Lane 3 - N2364sbcC 
R(p,'c) is the ratio of the relative recoveries of DRL116 
and MMS659 on each strain compared to DL187, calculated 
from densitometrjc measurements by:- 
R(P,'C) = (P/C strain X)/( P/C DL187) 
as described in the text. 
Each supercoil recovery experiment was repeated several 
times; the recovery values obtained did not differ 
significantly from those given here. 
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R(P,c) = 0.19/0.59 = 0.32 
Therefore 	the 	proportion 	of 	supercoiled 
palindrome-containing DNA in N2361 has fallen to about 
one third of the infecting level. The level of 
Palindrome-containing DNA in N2364 on the other hand is 
much closer to that in DL187, giving a P/C ratio of 0.53. 
Thus: 
R(pc) = 0.53/0.59 = 0.9 
This means that little or no loss of DRL116 supercojis 
has occurred in the sbcC strain during the course of the 
infection. 
In each case the ratios of band S to band C were 
calculated as an internal control. As S and C are both 
fragments unique to the control phage, their ratio should 
be the same in each lane. Any difference may indicate 
varying efficiencies of transfer. The ratios were 
compared to give the interlane variance, which approached 
1 in each case described here and will not therefore be 
discussed further. 
3.5 Plating behaviour -of A DRL116 on a variety of 
strains. 
The plating and reversion frequencies of DRL116 were 
determined as described previously for .recB, recC and 
sbcB mutant strains and their sbcC derivatives (see table 
3.2). While the control phage DRL112 plates with similar 
efficiencies on all of the strains, it can be seen that 
Table 3.2 Plating behaviour of DRL116 (ii). 
Notes - see table 3.1. 
Iff 
Host Genotype pfu/ml Plating Reversion 
strain DRLII6 DRLII2 DRL1I6/ frequency 
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on reoB, reoC and sbcB strains DRL116 plating is severely 
reduced. There is a slight improvement on recB (N2362) or 
recC (N2363) hosts compared to wild-type cells (see table 
3.1) but more than one in every hundred phage progeny are 
revertants. The increase in DRL116 plating on these 
strains is probably due to an increase in packageable 
DNA, as rolling-circle replication is permitted when the 
RecBCD enzyme is inhibited. However this does not improve 
palindrome recovery. In contrast, the sbcC derivatives of 
these strains allow full plating of DRL116 with 
negligible reversion to non-palindroiny. Plating of DRL116 
on the sbcB strain JC7689 is no better than that on 
wild-type cells. AC24 was constructed by transducing 
JC7689 to sbcC, as described in section 3.2. Again, it 
can be seen that in AC24 the plating deficiency of DRL116 
is completely alleviated. 
Similar experiments were performed using the strains 
shown in table 3.3. DRL112 plates with full efficiency on 
N2678, which is a reeD strain. DRL116 shows an increased 
plating efficiency relative' to that on the wild-type 
strain, but on examining the progeny a high reversion 
frequency is evident. In N2692 (recA reeD) the plating of 
DRL112 is unaffected, but DRL116 shows a 10 reduction 
in plating, and most of the plaques recovered contain 
phage which have reverted. DRL116 and 112 are red gam and 
can produce packageable DNA both by 'dimerisation and 
rolling-circle replication in a reeD host. reeD strains 
are however hyper -recombjriogenjc (Chaudhury and Smith, 
Table 3.3 Plating behaviour of DRL116 (iii). 
Notes. 
1. NP = no plating 
See also table 3.1. 
Host 	Genotype 	 pfu/ml 
	
Plating Reversion 
strain 	 DRL116 	DRLI12 
	
DRL116/ frequency 
DRLI12 	of DRLII6 
N2678 recD 2.7x109 3.8>:10 0.37 3.9x10 
N2680 recD sbcC 2.9x10 4.6x10 0.33 <5.OxlO 
N2692 recA recD 3.6x104 1.2x109 1.6x10' 0.32 
N2694 recAD sbcC 2.4x108 1.1x109 0.11 
N2644 recJ77 recD 2.4x109 1.8x109 0.70 
N2646. recJ13 recD 2.5x109 2.1x109 0.63 
AC25 recJ77D sbcC 2.5x109  1.3x10 9 1.01 
AC26 recJ153D sbcC 3.1x10 1.2x109 1.36 
N2691 recA NP NP 
N2693 recA sbcC NP NP 
1N347 recJ284 3.5x10 1.Ox10 9 
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1984; Amundsen et al., 1986; Biek and Cohen, 1986; Lovett 
et al., 1988), so that there is an elevated frequency of 
diinerisation in N2678. The results show that this high 
recombination activity increases the plaque size and 
maximises the plating of DRL116 and 112, but does not 
improve palindrome recovery. In N2692 (recA reeD) the 
dimerjsatjon pathway is eliminated, and the only 
operational packaging mechanism is via rolling-circle 
replication. The inability of DRL116 to plate on this 
strain therefore suggests that it is more dependent on 
the recoinbinational pathway than DRL112. The sbcC 
derivatives of both N2678 and N2692 allow efficient 
plating of DRL116 with negligible reversion to 
non-palindromy. 
In the recA and recA sbcC strains N2691 and N2693 
neither packaging pathway is operational as the recA 
mutation prohibits dimerisation, and the RecBCD protein 
inhibits rolling-circle replication in the absence of the 
phage gam gene product. Hence neither DRL116 nor DRL112 
is able to form plaques on these hosts. 
In the recJ mutant strain 1N347, DRL116 plating 
efficiency is reduced to the level seen on a rec1- strain, 
and the reversion frequency is high. This plating 
deficiency is eliminated in the recJ sbcC strain 1N348. 
However when DRL116 is plated on a recJ reeD strain all 
of the progeny are revertants, even though the plating 
efficiency remains high. This contrasts with its 
behaviour on a recA reeD hosb in which plating efficiency 
is reduced. Both recJ mutations tested gave the same 
result. Although 1N347 and 348 carry a different mutant 
allele, all three of those used have been characterised 
as "strong" alleles which give total UV sensitivity and 
recombination deficiency in a recBC sbcBC recJ background 
(Lovett and Clark, 1984), and are likely therefore to be 
directly comparable. As shown previously (table 3.1), on 
wild-type cells where reversion is high the efficiency of 
plating remains very low, presumably because deletion 
events are rare and most phage retain the palindrome and 
are inviable. The large number of revertant phage plating 
on N2644 and N2646 suggests therefore that deletion is 
favoured in recJ reeD strains. AC25 and 26 were 
constructed by transducing N2644 and N2646 to sbcC in the 
manner described earlier. In this case sbcC did not 
appear to prevent reversion which remained very high 
compared to that on both reeD and reeD sbcC hosts. 
3.6 Supercoil recovery of A DRL116 in a variety of 
strains. 
Supercoil recovery experiments were performed as 
described previously on these strains, and the results 
are shown in figure 3.2. It can be seen that the 
improvement in plating of DRL116 caused by the addition 
of sbcC to reeD and recA reeD backgrounds is matched by 
an improvement in supercoiled DNA recovery. A similar 
improvement is seen in the recA sbcC strain compared to 
Figure 3.2 Supercoil recovery of DRL116 (ii). 
Notes. 
For phage maps and other details see figure 3.1. 
Lane 1 	-. DL187 Iysogen 
Lane 2 - N2694 recA recD sbcC 
Lane 3 - N2692 recA .recD 
Lane 4 - N2693 recA sbcC 
Lane 5 - N2691 recA 
Lane 6 - N2680 reaD sbcC 
Lane 7 - N2678 reaD 
Lane 8 - N2364 sbcC 
Lane 9 - N2361 rec' 
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the recA strain. The alleviatory effect of sbcC occurs at 
the DNA level during theta replication, before packaging 
occurs, and can be detected using this technique even 
though the DNA cannot be packaged in these strains. In 
each sbcC derivative tested R(PC) is approximately 1, 
showing that there is no loss of palindrome-containing 
supercoj]ed DNA after infection. 
3.7 The effect of chi sites on palindrome-containing A 
phage. 
To examine the effect of clii sites on the behaviour of 
A phage containing the 571bp palindrome, plating 
experiments were performed using NMS659 (Ab 1453 , c1857), 
NMS885 (jb1453, c1857, ç'D), DRL129 (b1453, c1857, 
pa1571) and DRL130 (Ab1453, c1857, pa1571, ('B76), as well 
as DRL116 which was replated in parallel. The results are 
shown in table 3.4, and the plaque size in each ease is 
also recorded. This is a necessarily approximate 
observation as it depends on conditions such as plate 
depth and dryness which are impossible to standardise 
completely; however the differences recorded are 
qualitatively consistent. 
It was found that the plaque size of the cu-free 
control phage MMS659 varies as expected. In strains where 
the RecBCD enzyme is active, rolling-circle replication 
is inhibited and packageab].e phage can only be formed by 
dimerjsatjon. Hence the plaques formed on these hosts are 
M. 
Table 3.4 The effect of chi on the plating behaviour of 
palindrome-containing phage. 
Notes. 
Maps of the phage used in these plating experiments, 
showing genotype and the position of chi sites and 
palindromes. spi6 and b1453 are deletions and are 
represented as interruptions in the genome. MMS659 is the 
control phage for DRL129, MMS885 for DRL130, and DRL112 
for DRL116. In each case the control phage has the same 
chi genotype but lacks the palindrome. 
F 	is the ratio 	of 	plating 	of 	each 
palindrome-containing phage to its respective control 
phage, adjusted as described in table 3.1. R is the 
reversion frequency. SF and SC represent the plaque sizes 
of 	the palindrome-containing and control phage 
respectively. The approximate plaque sizes are given by n 
(normal), s (small) and t (tiny, at the limits of 
visibility). 
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very small compared to those on recB, C or recBC sbcBC 
strains. The chi control phage NHS885 on the other hand 
generates large plaques on all of the strains tested, as 
in recBCJJ'- cells the inhibition of rolling-circle 
replication is offset by the higher level of 
recombination due to the chi site, which increases the 
burst size. MMS885 plating efficiency and plaque size 
were unchanged in sbcC derivatives compared to their 
parent strains. 
DRL129, like DRL116, plates poorly and with a high 
frequency of reversion on sbcC-'- hosts, and only in the 
sbcC derivatives of each strain is full plating 
efficiency restored. The slight but significant increase 
in the plaque size of these phage on recB sbcC and reeC 
•sbcC strains compared to recB and C single mutants 
reflects the alleviatory effect of sbcC on 
Palindrome-containing phage growth. DRL13O plates as 
poorly on rec-'- , recB and recC strains as DRL129, but full 
plating efficiency and low reversion are restored in sbcC 
strains. The plaque size varies on each strain as 
expected for chi red gam phage. Thus the only difference 
in the plating behaviour of Palindrome-containing phage 
caused by chi sites appears to be one of plaque size, in 
accordance with their effect on recombination.  
In order to compare more directly the behaviour of 
Palindrome-containing and palindrome-free phage in the 
Presence of a chi site, a burst size experiment was 
performed in a rec-'-  strain (N2361) as described in 
section 2.2.3. The phage mixes used to infect the cells 
were DRL129 (jb1453, c1857, pa1571) with HHS659 (b1453, 
c1857), and DRL130 (b1453, c1857, pa1571, (B76) with 
HMS885 (jb1453, c1857, XD). In each mix the 
multiplicities of infection of pal and pal- phage were 
11 and 5 respectively. The strain used for titration was 
JC9387, and the indicator strains JC9387 and N2361 were 
used to establish whether each plaque contained 
Palindrome-containing or palindrome-free phage. The 
results are shown in table 3.5, and it can be seen that 
during the infection the level of each pal' phage has 
decreased about 100-fold in relation to the pal- control. 
However there is no significant difference between the 
relative burst ratios calculated for the 
Palindrome-containing phage in the chi compared to the 
chi- infection. 
3.8 The effect of sbcC in other genetic backgrounds. 
All of the experiments described previously have been 
performed using derivatives, of AB1157 (see table 2.1). It 
was decided to investigate the effect of sbcC on 
palindrome-mediated inviability in other genetic 
backgrounds, and to this end sbcC derivatives of K802, 
R594 and C600 were constructed as described in section 
3.2. The results of Palindrome-containing A phage 
behaviour on these strains and their parents are shown in 
table 3.6. It can be seen that, while the viability of 
Wf 
Table 3.5 Burst size experiment. 
Notes. 
See text for details. 
The three horizontal sections represent the titres and 
phage ratios of the chi and chi- phage mixes before 
infection, in the suspension of unadsorbed phage, and in 
the burst. 
The ratio of pal-:pal- phage was calculated by:-
pal:pal 	titre/JC9387 - titre/N2361 
titre/N2361 
The phage ratio of the phage burst was normalised by:-
normalised ratio = pal- :pal-(burst) 
pal-:pal(phage mix) 
This experiment was repeated twice, and in each case 
the phage burst ratios obtained did not differ 
significantly between chio and chi phage. 
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Table 3.6 The effect of sbcC on palindrome-containing 
phage plating in different genetic backgrounds. 
Notes. 
P 	is 	the 	ratio 	of 	plating 	of 	each 
palindrome-containing phage to its respective control 
phage. The control phage are described in table 3.4. 
In this case reversion frequencies have not been 
determined- 
See also table 3.1, notes 1- 4. 
101 
Host lBackground Genotype DRL129 DRL13O DRLII6 
P P p 
N2361 AB 1157 rec 2.1x10 3 6.7x10 5 3.3x10 5 
N2364 AB1157 sbcC 0.29 0.77 0.44 
R594 R594 reck 1.4x10 5 i.ø>;iø 1.lx16 
AN R594 sbcC 1.4x10 4 0.67 2.2x10 4 
K802 K802 rec k 1.7x105 i.ixid 
DL652 K802 sbcC 0.43 1.3 0.82 
DL493 C600 rec 3.1x10 5 1.9x10 5 5.6x10 5 
DL497 C600 sbcC 1.6x10 4 0.71 3.2x10 4 
DL491 C600 sbcC recD 0.94 0.81 0.6 
DRL116 and 129 is fully restored in the sbcC derivatives 
of AB1157 and K802 (N2364 and DL652), there is only a 
partial effect in AC4, which is derived from R594, and 
DL497, which is derived from C600. However DRL130 plates 
with full efficiency on all of the sbcC strains tested. 
Full plating of DRL116 and 129 on C600 can only be 
achieved if a recD mutation is also present (DL491). 
3.9 Discussion. 
The results presented in this chapter show that a 
single mutation in sbcC allows the stable propagation of 
A carrying a 571bp nearly perfect palindrome, and that 
this alone accounts for the alleviation of inviability 
seen previously in recBC sbcBC strains (Leach and Stahl, 
1983; Leach and Lindsey, 1986; Lindsey and Leach, 1989). 
Two alleles of sbcC (sbcC205 and 206) in addition to the 
sbcC201 allele described here have been shown to have the 
same effect (Chalker et al., 1988). Differences in 
plating or reversion caused by additional mutations such 
as recB, C or D have been explained in terms of the 
extent of replicational and recombinational activity in 
these strains. These factors stimulate phage growth 
generally but do not improve palindrome recovery, and 
only the presence of sbcC in these cells completely 
alleviates palindrome-mediated inviability. 
This effect is even seen in recA and recA sbcC strains 
where no packaged red gat, phage are produced. There is a 
102 
clear improvement in recovery of palindrome-containing 
supercojied DNA in the latter strain, indicating that 
palindrome-mediated inviability affects the earlier 
stages of the phage life cycle, before packaging begins. 
Previous studies have indeed identified a specific effect 
of the palindrome at the level of DNA replication (see 
Chapter 1). One result of this is that when both 
packaging pathways are operating (in strains mutant in 
the RecBCD enzyme), palindrome-containing molecules are 
more reliant on dimerisation to produce packageab].e DNA. 
This is illustrated by the experiments using reeD and 
recA reeD strains, in. which the abolition of 
recombination by the recA mutation results in a 
considerable decrease in DRL116 recovery even though the 
control palindrome-free phage is unaffected. This result 
has been independently observed by D. Thaler and F. Stahl 
(personal communication). In a recA reeD sbcC strain 
however DRL116 plating efficiency is fully restored, 
indicating that the effect of the palindrome is 
eliminated in this strain. 
It 	is noteworthy that the changes in supercoil 
recovery reported here, although significant, are not of 
the same magnitude as those in phage plating. This is 
probably due to the fact that even quite small changes in 
phage burst size are likely to affect plaque-forming 
ability considerably. This has been discussed by Lindsey 
and Leach (1989), who also showed a fall in plating of 
palindrome-containing phage in rec4- cells of 10 - , but a 
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reduction in the replication rate to only 60% of the 
normal. 
Usually when reversion is high the plating frequency 
is correspondingly low (for example in rec - strains), 
showing that palindrome-containing phage are unable to 
form plaques in sbcC'-  cells and that deletion events are 
comparatively rare. However, in recJ reeD strains all of 
the emergent DRL116 plaques are revertants, even though 
plating efficiency is very high. This effect is not seen 
in either reeD or recJ single mutants. The addition of 
sbcC does not lower the reversion frequency, which is in 
fact higher on a recJ reeD sbeC strain than on either a 
reeD or a reeD sbeC host. DRL116 deletion therefore 
appears to be stimulated in recJ reeD cells. recJ is a 
component of the subsidiary Reel? pathway which is nt 
important for A recombination in recBC-' cells - (Ennis et 
al., 1987). It has been shown however that in reeD hosts, 
recJ is necessary for UV survival, and is at least 
partially required for conjugational and transductionaj, 
recombination (Lovett et al., 1988; Lloyd et al., 1989) 
even though it is unnecessary for A recombination in this 
strain (F. Stahl, personal communication; Thaler and 
Stahl, 1988). Hence it appears that the two gene products 
may have overlapping functions. If both enzymes were 
involved in repair of cleaved hairpins, or in encouraging 
penetration of the replication machinery into hairpins 
thus preventing slippage, then the high deletion 
frequency in a double mutant could be explained. However 
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the recJ gene product is known to be a 5'-3' exonuclease 
which prefers single stranded substrates and has no 
endonucleolytjc activity (Lovett and Kolodner, 1989). It 
is difficult to imagine the role of an exonuclease, 
especially one with 5-3 polarity, in preventing 
Palindrome deletion. This result may indicate that RecJ 
has other activities which are not yet known. However it 
also emphasises the possible functional link between recJ 
and recD by providing another example of a strong 
phenotype peculiar to the double mutant. A recBC sbcBC 
recJ strain has been shown to give a slightly increased 
reversion rate (Leach et al., 1987); this strain is also 
RecD as the recB21 mutation is polar on recD (Amundsen et 
al., 1986). The effect is small compared to that seen 
here, but this may be due to differences in recN 
expression, as discussed in Chapter 1. The fact that sbcC 
mutations have no alleviatory effect suggests that a 
completely different palindrome-directed mechanism may be 
operating in reeD recJ strains. 
It appears from the results discussed so far that the 
alleviation of inviability in recBC sbcBC strains is due 
to the sbcC mutation alone. The: plating experiments using 
chi and chi- phage were carried out to test whether 
mutation of recBCD has any additional effect on 
viability. Chi sites are 8bp sequences which act as 
recombjnatjonal hot-spots by interacting with the RecBCD 
enzyme in some way (see Chapter 1). The chiB76 site 
chosen for these experiments occurs at the site of the 
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b1453 deletion endpoints and is downstream of, close to 
and oriented towards the palindrome (see table 3.4). Thus 
in the presence of the chi site crossovers will be 
focussed to the vicinity of the palindrome, rather than 
randomly distributed along the genome. If RecBCD is 
c1 
active in the reaction leading to inviability then such 
focussing of its activity might lead to greater 
inviability. However, the only detectable difference in 
Plating between isogenic chi and chi- phage carrying the 
571bp palindrome in sbcC hosts is the known increase in 
plague size of red gam chi phage on recBCD'- hosts. This 
indicates that no activity of RecBCD enzyme sensitive to 
the presence of a chi site affects inviability in sbcC 
strains. The effect of the chi site in sbcC' - strains is 
however impossible to determine in this way, as the 
emergent plagues are mostly low frequency revertants. The 
burst size experiment using the same phage in a rec-- host 
was therefore carried out to test whether mutation of 
recBCD has an effect on viability which is masked in sbcC 
hosts. The results demonstrate that RecBCD activity does 
not affect Palindrome-containing phage in wild-type 
cells. These conclusions are supported by the recent 
results of Kulkarnj and Stahl (1989), which are discussed 
in more detail in Chapter 6. 
sbcC mutants of AB1157 and K802, and also KL425 
(Chalker et al., 1988), have been shown to allow full 
recovery of Palindrome-containing phage. In C600 and R594 
strains however the sbcC mutation only partially restores 
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DRL116 viability. Full plating efficiency is restored in 
the presence of either a recD mutation in the host or a 
chi site in the phage. Both of these factors stimulate 
phage growth, specifically by boosting recombination. As 
Palindrome-containing phage are more dependent on 
recombination to produce packageable multimerjc DNA, it 
seems likely that the effect of recD and chi sites 
reflects a general increase in phage viability and not a 
specific palindrome-directed interaction. Hence in R594 
and C600 backgrounds it maybe necessary to eliminate some 
other as yet unidentified factor to fully restore 
viability to these phage. This could be verified by Hfr 
mapping using a C600-type sbcC donor and an AB1157-type 
sbcC recipient, and screening the exconjugants using 
Palindrome-containing phage to ascertain the point of 
transfer of the viability-depressing locus. Unfortunately 




In the previous chapter the effect of sbcC on the 
viability of phage carrying a 571bp palindrome was 
investigated in different phage and host genetic 
backgrounds. In this chapter the behaviour of phage 
carrying a variety of different palindromes will be 
examined. 
The phage used were constructed by D. Leach and E. 
Okeley in JC9387 (unpublished results) and are shown in 
figure 4.1 (see also Appendix 2). DRL133 was made by a 
simple deletion of the central SstI fragment of the 
palindrome in DRL116, and therefore contains a shorter 
(462bp) perfect palindrome. DRL134 and 135 were 
constructed by cloning short oligonucleotjdes into the 
SstI site of DRL133, each of which introduced a central 
restriction site (XbaI and EcoRI respectively) and 
eliminated the SstI site. The SstI polylinker fragment of 
pMTL24 was cloned into the DRL133 palindrome to generate 
DRL137, and DRL148 contains the same palindrome minus the 
central Sail portion. As each phage lost some rare or 
unique restriction sites and gained others (see figure 
4.1), the identity of the succesful clones was verified 
by restriction mapping, and polyacrylamjcje gel 
electrophoresis of the central palindrome fragments was 
used to compare their length against known standards. The 
resulting set of phage are isogenic and contain long DNA 
Palindromes which vary only in the sequence of their 
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Figure 4.1 Schematic maps of the palindrome phage series 
(from Ewa Okeley and David Leach). 
Notes. 
The position of the palindromic sequences in the 
carrier phage is shown. 
The palindromes vary only in their central sections. 
the full sequences of which are given in Appendix 2. The 
slashes indicate that only the central portion is shown, 
but the common palindrome arms are in any case free of 
restriction sites apart from the flanking EcoRI sites 
(shown). 
Rare or unique restriction sites are given by E 
(EcoRI), S (SstI), X (XbaI), Sm (SinaI), B (BauiHI), Sa 
(Sail) and Xh (XhoI). 
The thick lines indicate the symmetrical regions of 
the sequences, and the arrowheads indicate the axes of 
symmetry. 
The total length of each palindrome is given in bp. 
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E 	S SaXh 	Sa S 	E 
• MX,BSm 
0RL148
-17'/ I 516 
E 	S. 	Sa 	S 	E 
central 120 or so base pairs. They therefore have 
identical flanking sequences both within the palindrome 
and in the phage genome, and the phage can be used to 
test the effect of palindrome sequence on viability in a 
controlled way. 
4.2 Preparation of A phage stocks. 
Plate lysates of all of the phage were made from 
pre-existing stocks using JC9387 plating cells. To ensure 
that the majority of phage contained the palindrome, the 
lysates were screened by plating on JC9387 and N2361. A 
reduction in titre of 10 -3 or more on N2361 compared to 
JC9387 was considered to show an acceptably low level of 
reversion. 
4.3 Plating behaviour of various Palindrome-containing 
phage on an sbcC strain. 
The plating efficiencies and reversion frequencies of 
DRL133 - 148 were determined as described in the previous 
chapter. for N2361 (rec), N2364 (sbcC) and JC7623 (recBC 
sbcBC). The isogenic control phage DRL112 was also plated 
on each strain. The resulting plating ratios are shown in 
table 4.1; DRL116 is included throughout for comparison 
purposes (see Chapter 3). It can be seen that DRL137 and 
148 show a considerable improvement in plating on N2364 
compared to 142361, demonstrating that, like DRL116, they 
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Table 4.1 Plating behaviour of palindrome-containing 
phage (i). 
Notes. 
For a fuller description of the strains used, see 
tables 2.1 and 2.2. 
P is the ratio of plating of the palindrome-containing 
phage to the control phage, adjusted as described in 
table 3.1. In this table and those following, the actual 
plating efficiencies in pfu/ml are not shown. 
R is the reversion frequency (see table 3.1). 
The thick vertical lines are to highlight noticeable 
differences in phage plating behaviour on a particular 
strain. Hence, all phage on the left of the line behave 
differently from those on the right on that strain (see 
text). 
See also table 3.1, notes 1-4. 
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Host 	Genotype 






N2361 rec k 	1.4x10' 0.43 	89x10 4 0.56 
-2 	-3 	-2 	-2 N2364 sbcC 	6.Ox10 <5.9x10 I.4x10 8.GxlO 
JC7623 'recBC sbcBcl I 	<1.7x10 5 1 	7.7x10 4 
Ph age 
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ixi6 	0.22 	7.5xIQ' 0.4 	2.8x10 6 0.36 
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1.7x10 2 0.62 	<2.6x10 	0.61 	<1.1x10 3 




0.33 	<7.7x10 5 
1 	<I.6x to- 5 
are able to plate as efficiently on an sbcC as on a recBC 
sbcBC strain. The frequency of reversion to 
non-palindroiny is very low on both of these hosts. 
DRL133, 134 and 135 also show an improvement in plating 
and reversion on N2364; however plating efficiency is not 
restored to the maximal level seen on JC7623, and 
although the reversion frequency falls it is still higher 
than that in the recBC sbcBC strain. In addition the 
plaques formed by these phage on N2364 are noticeably 
smaller than those of DRL137, 148 and 116, and the 
reversion frequency varies considerably with each 
repeated experiment (data not shown). Thus the plating 
deficiency of DRL133, 134 and 135 is only partially 
alleviated in N2364, and complete recovery of these phage 
is only possible in a recBC sbcBC strain. 
4.4 Supercoil recovery of various palindrome-containing 
phage in an sbcC strain. 
Figure 4.2 shows a supercojl recovery experiment 
Performed as described in Chapter 3 for four of the 
palindrome-containing phage. The palindrome-free 
coinfeoting phage used was 11HS659. It can be seen that in 
each case there is an improvement in supercoil recovery 
in N2364 compared to N2361. The R(P,iC) values for DRL133 
and 135 on N2361 are much lower than those for DRL148, 
137 and DRL1I6 (see Chapter 3). This reflects the 
differences in plating behaviour mentioned earlier, 
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Figure 4.2 Supercoil recovery of palindrome-containing 
phage (i). 
Notes. 
Supercoiled DNA recovered from cells infected with 
HMS659 and a palindrome-containing phage, digested with 
EcoRI (see figure 3.1). The co-infecting phage is named 
above each set of three lanes. 
In each case: 
Lane 1 - N2361 rec4 
Lane 2 - N2364 sbcC 
Lane 3 - DL187 lysogen 
See also figure 3.1. 
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although the results vary over a 2 to 5-fold range rather 
than over orders of magnitude. Similarly, DRL133 and 135 
show a slightly lower yield of supercoj].ed DNA on N2364 
than do DRL148, 137 and 116. However in each case there 
is an obvious improvement in yield on the sbcC compared 
to the rec4 strain. 
4.5 Plating behaviour on a variety of strains. 
The phage were plated on some of the strains described 
in section 3.5, and the results are shown in tables 4.2 
and 4.3. The differences in the phage life cycle in each 
strain have been discussed previously, and will not be 
reiterated except where necessary. DRL116, 137 and 148 
plate with full efficiency and negligible reversion on 
both an sbcC host (N2364) and a recB/C sbcC (N2365/N2366) 
host. However it is apparent that the addition of a recB 
or C mutation to the sbcC background improves the plating 
of DRL133, 134 and 135, although reversion of these phage 
on N2365 and N2366 is not quite as low as on a recBC 
sbcBC strain (table 4.1). 
All of the phage plate poorly and with a high 
reversion frequency on JC7689 (sbcB), but the addition of 
an sbcC mutation (AC24) completely alleviates the plating 
deficiency of DRL116 and 137. However, although the 
plating efficiency of DRL133, 134, 135 and 148 is 
improved slightly on AC24, it is still about 100-fold 
down on full plating. On this host these phage form very 
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Table 4.2 Plating behaviour of palindrome-containing 
phage (ii).. 
Notes. - 
ND = not done. 
A thick line has been drawn between DRL137 and DRL116 
on N2362, even though at first sight their plating 
behaviour appears to be very different. However in both 
cases plating is considerably improved compared to the 
other four phage. In DRL137 plating efficiency is greatly 
increased, although the reversion frequency remains high. 
In DRL116, although plating efficiency is not improved, 
the reversion frequency is 100-fold lower than that of 
the other four phage. 
See also table 4.1. 
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strain DRLI33 DRL134 DRLI35 DRLI48 
P R P R P R P 	R 
N2362 recB 6.2x10 3 0.28 7.3x10 4 0.33 6.2x10 4 . 0.29 9.2x10 	0.24 
N2365 recB sbcC 0.58 1.7x10
-2 
0.45 22.0y.10-2 lO 0.33 
-3 
5.6x10 0.48 	2.3x10 -4  
N2363 recC 9.3x10 ND 6.7x10 ND ND ND 
N2366 recC sbcC 1.0 ND 0.78 ND ND ND 
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Table 4.3 Plating behaviour of palindrome-containing 
phage (iii). 
Notes. 
1. * indicates that, although the plating efficiency of 
DRL137 on N2692 is apparently high compared to DRL116, 
the plaques formed are very tiny which is not usual on 
this host. Hence this phage is only just able to plate on 
N2892. 
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N2678 recD 
N2680 recD sbcC 
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2.9 0.73 0.70 0.57 
1.1x 10 3 0.5 3.7x16 0.5 9.0I 4 0.6 8.3x10 4 0.6 0.35 0.63 0.42 
0.56 0.81 0.5 0.5 0.45 0.77 0.67 0.38 0.6 0.51 1.32 0.64 
small plaques, and the reversion frequency varies as it 
does for sbcC single mutants. 
The results in table 4.3 show a similar variation in 
behaviour between phage plating on other recombination 
mutants. On N2678 (reeD) DRL118 and 137 plating is high 
due to recombination and rolling-circle replication in 
this strain (see Chapter 3), but a large proportion of 
revertants lacking the palindrome are recovered as the 
strain is sbcC. The other four phage seem worse affected 
on this strain, as their plating is cut back and 
reversion is even higher than for DRL116 and 137. The 
addition of an sbcC mutation (N2680) allows full plating 
of these phage and lowers reversion. The presence of the 
sbcC mutation in a recA reeD background has a similar 
effect. DRL137, like DRL116, plates efficiently on both 
reeD recJ (142644, 142646) and recJ reeD sbcC strains 
(AC24, AC25) but shows a very high reversion frequency. 
In contrast DRL133, 134, 135 and 148 show a 100-fold 
reduction in plating on 142644 and 142646 which 	is 
alleviated 	in AC24 and 25. However the reversion 
frequency on all of these hosts is very high. 
4.8 Supercojl recovery of DRL134 and 148 in a variety of 
strains. 
Supercojl recovery experiments were performed with two 
of the Palindrome-containing phage, DRL134 and 148, using 
the coinfecting palindrome-free phage MHS659. The results 
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Figure 4.3 Supercoil recovery of palindrome-containing 
phage (ii). 
Notes. 
Supercoiled DNA recovered from cells infected with 
DRL134 and MMS659, digested with EcoRI (see figure 3.1) 
Supercoiled DNA recovered from cells infected with 
DRL148 and HMS659, digested with EcoRI. 
In each case: 
Lane 1 - N2361 rec" 
Lane 2 - N2364 sbcC 
Lane 3 - N2365 i-ecB sbcC 
Lane 4 - N2680 .recD sbcC 
Lane 5 - JC7623 recBC sbcBC 
Lane 6 - DL187 lysogen 
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are shown in figure 4.3. It can be seen that in each case 
upercojl recovery is improved in the sbcC-containing 
strains compared to the wild-type host. However yields of 
DRL134 supercoiled DNA are on the whole poorer than those 
of DRL148, except on the recBC sbcBC strain and the 
lysogen. Even when the strain is mutant in recB or reaD 
in addition to sbcC there is apparently some loss of 
DRL134 supercojied DNA. Again, while these differences in 
DNA recovery are not as marked as those in plating, they 
do correlate with the plating behaviour of each phage. 
The supercoji recovery experiments performed using DRL116 
in Chapter 3 show values comparable to those of DRL148. 
4.7 Discussion. 
The results presented in this chapter show that the 
alleviatory effect of a mutation 	in sbcC 	on 
Palindrome-mediated inviability extends to several 
derivatives of the 571bp palindrome described in Chapter 
3. However it has also been shown that other palindromic 
sequences cause a degree of inviability even in the 
presence of an sbcC mutation, and are only fully viable 
in cells additionally mutant in recB or reeD, or in recBC 
sbcBC strains. This is in apparent contradiction to the 
results presented in Chapter 3, in which it was shown 
that the restoration of DRL116 viability in recBC sbcBC 
strains is due entirely to the sbcC mutation, and is not 
affected by the other mutations present. Hence the phage 
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described 	in both chapters fall into two groups, 
consisting of those which behave like DRL116 and those 
which do not. 
The former group, which I shall call Group II, 
comprises DRL116 and 137 and is characterised by full 
restoration of viability and negligible reversion on all 
strains tested which carry the sbcC mutation, except for 
reeD recJ sbcC strains, as described in Chapter 3. Group 
I includes DRL133, 134 and 135 and is characterised by a 
partial effect of sbcC at the level of plating. 
Additional recB or reeD mutations are enough to restore 
viability to these phage, probably due to the enhanced 
phage growth in such strains (see Chapter 3), although 
the reversion frequency still remains rather high. Group 
I phage also show reduced plating on recJ reeD strains, 
and unlike Group II phage an additional sbcC mutation 
restores viability although most of the phage progeny are 
revertants. DRL148 is intermediate, as it behaves like a 
Group I phage on some strains and a Group II.phage on 
others. 
As the genomjc flanking sequences are identical, these 
variations in phage behaviour cannot be the result of the 
context of the palindrome, nor indeed of the 'outer 
palindrome arms which are also identical, but must be due 
to the different palindrome centres. The S-type model for 
cruciform extrusion described in Chapter 1 is thought to 
apply to the vast majority of palindromes in vitro. It 
Predicts that localised melting at or near the centre of 
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an inverted repeat leads to the formation of a small 
protocrucjform, which then grows by branch migration to 
the full length cruciform (Lilley and Markham, 1983; 
Sullivan and Lilley, 1987; Murchie and Lilley, 1987). The 
latter step is rapid, and the formation of the transition 
state is the rate-limiting stage of the reaction. Hence 
the model predicts that the kinetic properties of in 
vitro extrusion are most sensitive to the sequence of the 
palindrome centre, and almost independent of flanking 
sequence. It has indeed been found for certain 
palindromes in vitro that the helical stability of the 
central 6-10bp profoundly affects the rate of extrusion 
of crucjforms (Murchje and Lilley, 1987; Courey and Wang, 
1988; Murchie and Lilley, 1989). While this phenomenon 
has been extensively studied in vitro, few in vivo 
observations regarding the effect of palindromic centres 
on replicon behaviour have been made. Warren and Green 
(1985) reported that central asymmetric inserts greater 
than 50bp could restore viability to plasmids carrying a 
long DNA palindrome. However the results reported here 
show that phage behaviour can be considerably altered by 
varying a small central section of the palindrome, and 
this suggests that inviability may be mediated by a 
cruciform extrusion process not dissimilar to the S-type 
model. 
To test whether there is a structural pattern which 
correlates with the experimentally observed differences 
in behaviour, the putative central sequences of the 
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Palindromes in each group (Appendix 2) were examined. The 
stability of these sequences was roughly compared by 
calculating the percentage of GC base pairs, which are 
more stable than AT pairs. A more accurate comparison can 
be made using dinucleotjde stability constants (Gotoh and 
Tagashira, 1981), which are derived from analysis of DNA 
thermal melting profiles and take account of the stacking 
interactions in-the helix. These were used to calculate 
the theoretical relative thermal stability of the centre 
of each sequence by averaging the values over the 
required length of sequence. In addition, the structure 
of the putative hairpin in each case was noted. The 
results are shown in table 4.4. 
It can be seen that the central sequences of the 
palindromes in each group differ in several respects: 
- palindromes from the Group I phage and DRL148 are 
Perfectly symmetrical, while Group II palindromes have 
regions of asymmetry. 
- the GC ratios and average dinucleotjde stability 
constants of the Group I palindromes with windows of 
6-100bp are on the whole lower than those from the Group 
II phage and DRL148. 
- the Group I palindromes are shorter than those from 
the Group II phage and DRL148. 
It is apparent from these data that Group I palindrome 
centres have a lowered duplex stability, and in the 
context of the S-type extrusion model they are therefore 
more likely to form the centrally located bubbles which 
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Table 4.4 Characteristics of palindromes in the series 
DRL116-148 - 
Notes. 
These data is derived from the putative sequences of 
the palindromes as given by Ewa Okeley and David Leach 
(see text and Appendix 2). 
L = total length of palindrome in (duplex) bp. 
1G = approximate energy change when the palindrome is 
extruded in DNA at in vivo superhelix density (-0.025), 
calculated as described in Appendix 3 and given in 
koal/mol. 
TMN = thermal stabilities of the palindrome central 
sequence, 	calculated using the average dinucleotide 
stability constants determined by Gotoh and Tagashira 
(1981) and given in °C. The length of sequence for which 
the stability was determined is the window size, given in 
bp. This length represents a number of duplex bp 
symmetrically spanning the axis of symmetry. Window sizes 
of 6-12bp were used, and the ratio of GC base pairs (%GC) 
was also calculated. Above 12bp, only %GC was calculated. 
* means that, for 12bp and under, the TMN and ZGC 
values calculated for DRL116 were for the window length 
shown plus 15bp (see text). Hence for 12bp read 27bp s, for 
lObp read 25bp and soon. 
The conformations of the 	hairpin structures 
potentially formed by these palindromes are given to show 
the loop-outs caused by imperfections in symmetry (see 
also Appendix 2). The number of bases in the loop-outs 
are shown. 
Phage L iG Window 	size 
lOObp SObp 12bp lObp Bbp 6bp 
XGC hGC XGC 1MW XGC TMN XGC INN XGC INN 
DRL133 462 -99.5 30 40 33 68.9 40 72.1 50 76.5 66 85.2 
DRL134 476 -104.4 32 40 33 65.7 40 68.2 25 63.0 33 65.4 
DRL135 472 -105.7 30 40 50 76.1 40 62.8 25 64.0 33 67.8 
DRL148 516 -110.1 52 60 50 77.0 60 81.2 50 79.7 67 88.2 
DRL137 579 -57.4 54 60 50 77.5 60 82.6 50 67.2 33 72.2 
DRL116* 571 -96.3 33 38 41 70.7 44 73.5 48 74.9 43 73.7 
Conformation of 	hairpin: 
DRL133/134/135,148 DRL116 DRL137 
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permit protocruciform formation. The repeats have perfect 
symmetry and the absence of loop-outs in the cruciform 
structures if they form, together with the 
thermodynamically favourable reduction in supercoiling 
brought about by extrusion, means that Group I hairpin 
structures will be stable. This is demonstrated by the 
extremely favourable negative free energies of extrusion 
shown in table 4.4. 
In contrast, Group II palindrome centres are less 
AT-rich and are therefore less likely to undergo the 
localised melting necessary to initiate cruciform 
formation. In addition, these sequences are not perfectly 
symmetrical.- DRL116 has 15bp of asymmetric DNA between 
the repeats. .A central 6-10bp bubble will not facilitate 
cruciform formation in this case as it does not extend 
into the repeats. If one assumes that in a hairpin 4-6bp 
remain unpaired at the tip (Scheffler et al., 1970; 
Furlong and Lilley, 1986) then the minimum stem for a 
protocruciform is 2-6bp. Thus melting of a 15+6bp region 
of the duplex might be necessary to initiate DRL116 
extrusion. This consideration explains the window sizes 
used in figure 4.4. DRL137 is symmetrical 'about the axis 
but has a 27bp asymmetric sequence in one arm of the 
palindrome. 6-10bp would be sufficient to initiate 
extrusion, but branch migration would stall at the 
asymmetrical region and could not continue unless a large 
melted region of >27bp allowed intra-strand base pairing 
to resume after the loop-out. Both the DRL116 and 137 
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crucjforms once formed will be destabilised by their 
loop-outs because of the unfavourable free energy of so 
many unpaired bases, although in supercojled DNA this may 
not significantly affect hairpin stability. The AG values 
given in table' 4.4 are lower than those of the Group I 
palindromes even though the Group II palindromes are 
longer, and this is due to the bases which remain 
unpaired in the loop-outs. However cruciform extrusion is 
still energetically favoured in moderately supercojied 
DNA. 
The DRL148 palindrome resembles a Group II sequence in 
its higher duplex stability, which may lower the 
frequency of initiation of extrusion as already 
described. However it has perfect symmetry and therefore 
requires only the minimum amount of melting to initiate 
extrusion. It can also form a relatively stable Group 
'I-like cruciform structure, as shown by the very high 
free energy of extrusion, due to both the length and 
perfect symmetry of the palindrome. 
A feature of the sequences in the set analysed here is 
that the Group I palindromes are shorter than those of 
Group II and DRL148. While it is known that in vitro 
longer palindromes form more stable cruciforms, this may 
be a factor of only marginal importance as all of these 
palindromes are relatively long. This is supported by the 
fact that in this study the shorter palindromes are Group 
I sequences which cause more severe problems, and by the 
G values which are all strongly negative for moderately 
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supercoj].ed DNA. 
Hence it appears that the correlation of phage 
'behaviour with palindrome structure can be explained in 
terms of sequence stability. Extrusion of the palindrome 
must occur in both groups of phage, as both have severe 
inviability problems. However in sbcC cells the 
inviability of Group II phage is completely alleviated. 
The partial effect of sbcC mutations on Group I phage 
viability suggests that the greater facility for 
extrusion of these sequences is reflected by a greater 
degree of inviability. This interpretation is supported 
by the higher reversion frequency of Group I palindrome 
phage on wild-type hosts; if crucjforms are more 
frequently formed by these palindromes then more 
secondary structures are available as substrates for 
cleavage or replication slippage and deletion. Further 
experiments to test this hypothesis are described in 
Chapter 6. 
One question left unanswered by this hypothesis is the 
actual means of extrusion. While the S-type model 
describes unassisted extrusion under permissive 
conditions in vitro, it has been shown that uncatalysed 
extrusion is rather unlikely in vivo (see Chapter 1). 
Even though the palindromes tested here are much longer 
than others which have been studied, and therefore have a 
much larger favourable free energy of extrusion in 
supercoi].ed DNA, the activation energy required 	to 
initiate extrusion 	is still the same and depends 
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minimally on the unpairing of the dyad sequence. The free 
energy changes on extrusion of each palindrome in 
supercoiled DNA do not correlate with phage group 
behaviour. These calculations include terms for the 
length of the sequence, loopouts in the imperfect 
hairpins and degree of supercoiling (see Appendix 3). 
However they do not take into account the size or base 
composition of the bubble required to initiate extrusion, 
and it is this initial activation stage which constitutes 
the energy barrier and is therefore rate-limiting to 
extrusion. 
It has been suggested that mobile single-stranded  
bubbles such as those created at the replication fork may 
catalyse the formation of hairpins. However the results 
presented here are inconsistent with such a mechanism, as 
there is no kinetic barrier to hairpin formation by 
single-stranded DNA and the process is highly 
thermodynamically favourable (Tinoco et al., 1973). The 
thermodynamic stability of the central sequence, which 
determines the frequency of duplex melting, is irrelevant 
under these circumstances The wave of negative 
supercoilj,ng which follows the transcription machinery 
(see Chapter 1) may seem a more likely candidate for a 
catalyst of extrusion. This has also been suggested by 
Courey and Wang (1988). Supercojljng is known to change 
the melting temperature of DNA (Schaeffer et al., 1989), 
and accumulation of localjsed torsional stress might well 
encourage or prolong spontaneous helix melting. This 
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would in turn provide more openings to nucleate 
initiation of extrusion. The palindromes used here are 
indeed in an actively transcribed region of A, part of 
both the early PL transcript and the late transcript from 
PR'. It has been noted (Lindsey and Leach, 1989) that, 
while Palindrome-containing supercojl loss increases with 
time, the magnitude of the change is greatest early on in 
infection. As these experiments do not allow the course 
of the A infection to proceed to the late stage, this may 
reflect an effect of transcription from PL. The degree of 
supercoiljng increases with proximity to the 
transcription apparatus, and this could be used as the 
basis for an experimental system to test the effect of 
transcription on inviability, by shifting the position of 
the, palindrome relative to transcription units. 
It may even be that the two palindrome groups extrude 
in completely different ways; both Group I and II 
palindromes may form hairpins at the replication fork, 
while Group I palindromes might in addition be extruded 
by less drastic means than a preformed single strand 
bubble, such as transcription-driven supercoiling Indeed 
there may be many different opportunities for extrusion 
in viva, which are more or less effective depending on 
the scale of perturbation of the DNA. In this case, the 
apparently greater inviability problems caused by Group I 
sequences would be the result of the greater number of 
extrusion pathways open to these palindromes, which in 
turn is due to their lower activation energies of 
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extrusion 	This means 	that the analysis of the 
thermodynamic stability of centres applied here may only 
be relevant to the Group I sequences, while the more 
stable Group II sequences may only be extruded via 
single-strand catalysis which is independent of the 
thermodynamic properties of the sequence. Warren and 
Green (1985) found that inserts of up to 50bp which 
interrupted symmetry did not reduce the inviability 
caused by their palindrome. In the scheme suggested here 
the interrupted palindrome might well behave in a Group 
II manner, and still be extruded by a single-strand 
snapback mechanism. Only inserts greater than 50bp 
destabilise the hairpins sufficiently to restore 
viability to the carrier replicon. 
The role of ShcC in this process is far from clear, 
except that it appears to be wholly responsible for Group 
II inviability but only partially for Group I 
inviability, presumably because the palindromes of the 
latter phage extrude to some extent even in the absence 
of the protein. This could be explained if Group I 
sequences have several extrusion pathways open to them as 
Postulated above. The sbcC gene product might affect one 
such process, such as hairpin formation at the 
replication fork, but its removal might still leave open 
several other more minor pathways for extrusion which are 
available to those sequences which are more unstable in 
the duplex, such as transcription-driven supercoiling. 
The improvement of Group I phage recovery in recBC sbcBC 
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cells compared to sbcC cells shows that SbcC is not the 
sole agent of inviability in all cases.. This may again be 
explained by an effect of the recBC and sbcB gene 
products on those extrusion pathways which are not 
affected by SbcC. It is perhaps more likely that the 
switching on of rolling-circle replication and RecP 
recombination and the subsequent improvement in phage 
growth in these strains is sufficient to restore 
viability to the phage. 
In conclusion, the results presented here strongly 
suggest that the rate of cruciform extrusion is a crucial 
determinant of palindrome-mediated inviability. The in 
vivo mechanism of extrusion, at least for Group I 
palindromes, may be closer to the S-type model for in 
vitro extrusion than to the C-type model in that it 
involves a small region of duplex opening rather than a 
large melted area. The implications of this for the 
Possible activity of the sbcC gene product will be 




As described in Chapter 1, recBC sbcBC strains are 
poor hosts for plasniids, which are rapidly lost from the 
cell population with the accumulation of linear 
iiultimers. This has necessarily restricted the choice of 
cloning vectors for palindromic sequences, and it was 
therefore of interest to determine the suitability of 
sbcC and related strains as hosts for plasmid vectors. 
This chapter describes investigations into the 
stability of the medium copy number plasnijd pBR322 in a 
variety of strains, followed by copy number and cloning 
experiments to test the effect of palindromic sequences 
on plasmid stability. Genetic stability and plasmid copy 
number are closely related phenomena, especially for 
randomly partitioned plasinids such as ColEl and its 
derivatives where a fall in copy number will have a 
serious effect on stability. The reasons for conducting 
both types of experiment are discussed later on. Copy 
number studies were performed using levels of resistance 
to ampicillin, which unlike most antibiotics gives a 
resistance response which is colinear with gene dosage 
(Uhlin and Nordstrom, 1977; John March PhD thesis, 1988). 
Mid-log phase cell cultures were used as, although the 
copy number of Co1E1 and related plasmids remains fairly 
constant throughout cell growth, there is a slight 
amplification during stationary phase (Steuber and 
Bujard, 1982; Frey and Timiiis, 1985). Although this is a 
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more indirect method than, for example, quantitative 
hybridisation, it is sufficiently accurate for comparison 
purposes, and while the possibility cannot be ruled out 
that changes in ampicilljn resistance reflect an 
unforeseen effect on P-lactainase expression rather than 
on copy number, the plasmids and strains used are 
sufficiently similar as to render this unlikely. The 
definition of plasmjd copy number as the number of 
plasmj.d molecules per cell is used throughout. 
5.2 Preparation of DNA and strain construction. 
Plasmjd DNA for these experiments was 
chlorajnphenjeol amplified cultures using 
procedure. Phage DNA for cloning was 
large-scale method from liquid lysates 
The sbcC derivative of 3M83, DL494, 
transduction as described in Chapter 3. 
prepared from 
the large-scale 
made by the 
rown on 3C9387. 
was made by 
5.3 Maintenance of pBR322 in sbcC and related strains. 
pBR322 DNA was used to transform strains 3C9387 (recBC 
sbcBC), N2361 (rec - ), N2362 (rècB), N2364 (sbcC) and 
N2365 (reeB sbcC), and single ampicjllin-resistant 
colonies were purified and cultured in L broth 
supplemented with ampicilljn. Plasmid stability was then 
- assayed as described in section 2.2.9. The proportion of 
ampjcjlljn resistant cells was plotted logarithmically 
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Figure 5.1 Maintenance of pBR322 in various strains. 
Curing curves of pBR322 in N2361 (rec•), N2362 
(recB), N2364 (sbcCX), N2365 (reaB sbcCD), JC9387 
(recBC sbcBC 0), si1 PJLI (dotted lime), UCI6 (full line)  




































against the number of cell generations to give the curing 
curves shown in figure 5.1. It can be seen from figures 
5.1(j) and (ii) that under non-selective conditions 
pBR322 is rapidly lost from the JC9387 cell population; 
the proportion of plasmid-carrying cells falls to about 
1% after only one dilution/growth cycle or 20 
generations. N2361 and N2362 on the other hand maintain a 
level of 100% ampicillin resistance until 60-80 cell 
generations have passed, when the proportion of 
plasmid-carrying cells begins to fall. It can be seen 
from figure 5.1(i) that pBR322 is slightly less stable in 
N2364 than N2361, but is still maintained far better than 
in JC9387. In figure 5.1(u) pBR322 is seen to be stably 
maintained up to 80 cell generations in N2362 and N2365, 
with the sbcC mutation causing no appreciable difference 
in the presence of .recB. Figure 5.1(iii) shows a slight 
improvement in pBR322 stability in N2361 compared to 
N2362, but in both maintenance is much better under 
non-selective conditions than in JC9387. Hence pBR322 can 
be stably maintained in both sbcC and wild-type cells, 
and in both backgrounds the addition of a recB mutation 
does not significantly affect stability. 
5.4 Using sbcC strains to clone palindromic DNA into 
plasmids. 
Construction of pAC1. 
pJL1 (Leach et al., 1987) is a plasmid constructed in 
JH101 which consists of the 109bp central SstI fragment 
of the 571bp palindrome from A DRL110 cloned into ptJC18. 
The 109bp palindrome of pJL1 was subcloned into pMTL24 by 
replacement of the SstI polyljnker fragment with the 
palindrome as shown in figure 5.2(i). The palindrome was 
excised by restricting pJL1 with SstI, and the large 
plasmjd fragment was destroyed by restriction with ScaI. 
Hence the only double-ended SstI fragment was the small 
palindromic fragment, and a fragment purification step 
was unnecessary. pHTL24 was restricted with SstI, and 
after mixing the two plasmid digests and ligating, the 
DNA was used to transform JM63 and its sbcC derivative 
DL494 and the transforinants were spread and purified on 
ampjcjllj.n plates with Xgal and IPTG. All colonies 
obtained on DL494 were white, indicating that a fragment 
had been cloned into the pNTL24 polylinker, while 
colonies obtained from JN83 were mostly blue, with one or 
two white colonies and some white colonies showing blue 
sectors. 
Five white transformants of DL494 and five white or 
sectoring transformants of JH83 were purified, and the 
DNA was isolated from overnight cultures using the 
Birnboim method. It was then analysed by restriction with 
BindIII and EcoRI/PstI, and the digests were run on 0.8% 
normal and 3% wide range agarose gels respectively. The 
HindIII site in pHTL24 should be eliminated by cloning in 
the palindromic fragment. EcoRI excises both the 128bp 
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Figure 5.2 Construction and analysis of pAC1.. 
Maps of pJL1, pMTL24 and pAC1 showing the relevant 
restriction sites for cloning and 	analysis. 	The 
polylinker (PL) segments of pMTL24 and pAC1 are given 
separately, to show the elimination of the HindIII and 
PstI sites after the palindrome has been cloned in. 
PvuII restriction digest of DNA recovered from JM83 
(rec4- - lanes 2-4) and DL494 (sbcC - lanes 5-3) cells on 
transformation with pAC1 cloning mixture. Lane 1 shows 
pMTL24 cut with PvuII. 
 Restriction digests of pAC1 and pAC2 compared to the 
parent molecules. 
Lane 1 - markers 
Lane 1, - pHTL24 restricted with PvuII 
Lane 5 - pAC1 restricted with PvuII 
Lane 6 - pa1109 excised from pAC1 using SstI 
Lane 1 - pa1571 excised from A DRL110 using EcoRI 
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polyljnker and the 121bp palindromic fragments, and these 
can be resolved by re-restricting with PstI which cuts 
twice within the polylinker fragment but does not alter 
the size of the palindromic fragment on a gel. Figure 
shows a PvuII restriction digest of DNA from some 
of the clones from both strains. It can be seen that all 
of the clones isolated on DL494 contain a fragment of 
about 390bp. This is not a diagnostic restriction digest 
as the palindrome and the polylinker give rise to 
similarly sized fragments (390bp and 397bp respectively); 
however IfindIII and EcoRI/PstI analysis showed that they 
were all in fact palindrome fragments (data not shown). 
The clones isolated on JH83 show no such band, but seem 
to carry rearrangements or deletions consistent with 
neither the parent nor the expected daughter plasmids. 
The deletion events probably arose from the instability 
of plasmids containing the insert in JM83, and account 
for the sectoring behaviour by bringing the polyljnker 
back into frame with lacZ and allowing expression of 
L-lactamase to resume during colony growth. Figure 
5.2(iii) shows 	the 109bp SstI palindromic fragment 
excised from pAC1. 
Construction of pAC2. 
The whole of the 571bp palindrome from A DRL110 was 
subcloned into the single EcoRI site of pLJC18 as shown in 
figure 5.3(i). The palindrome was excised by restricting 
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Figure 5.3 Construction and analysis of pAC2. 
Naps of DRL110, pUC18 and pAC2 showing the relevant 
restriction sites for cloning and analysis. 
PvuII restriction digest of DNA recovered from JM83 
(rec' - lanes 2-5 ) and DL494 (sbcC - lanes 610 ) on 
transformation with PAC2 cloning mixture. Lane 1 shows 
pUC18 cut with PvuII. 
EcoRI restriction digest of pAC2 and 	DRL11O, 
showing the 571bp palindromic fragment in each case. 
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DRL110 DNA with EcoRI in a double restriction digest with 
Bav1I, in order to destroy all double-ended EcoRI 
fragments apart from the palindromic one so that fragment 
purification was not necessary. pUC18 was restricted with 
EcoRI, and the DNA was mixed, ligated and transformed 
into JN83 and DL494. The transformants were spread and 
Purified on ampicjllin plates with Xgal and IPTG. DL494 
transformants were mostly blue, with 15% white colonies, 
while JH83 plates showed 5% white or sectoring colonies. 
Five white transforinants of each strain were purified, 
and Birnbojm DNA preparations were analysed using PvuII 
or EcoRI (see figure 5.3(u)). PvuII cuts pUC18 to give a 
322bp fragment which should be increased to 893bp if the 
palindrome has been succesfully cloned, while EcoRI 
excises the cloned 571bp palindrome. One isolate from 
DL494 was found to have successfully cloned the 
palindrome as shown in figure 5.3(iii) and 5.2(H), while 
the other clones tested were regenerated parent plasmids. 
Deletion events and other rearrangements were apparent in 
the clones from JM83, and none of those tested contained 
the intact palindrome. 
5.5 The effect of palindromic sequences on plasmid 
stability. 
It was decided 	to study the maintenance of 
Palindrome-containing plasmids in the same way as 




Performed by transforming pUC18 and 	its 109bp 
palindrome-containing derivative pJL1 into JN83 and 
DL494, but figure 5.1(iv) shows that both are 
sufficiently stable as to show only a slight drop in the 
proportion of alnpicillin-resistant cells after 140 
generations. This is probably due to the much higher copy 
number of pUC plasmids (500-600 copies per cell) 
compared to pBR322 (50-60 copies per cell - Chambers et 
al., 1988; Lin-Chao and Bremer, 1986), which makes them 
very stable and difficult to cure from a cell population 
in a realistic time. 
Similar experiments were attempted using pAC2 and its 
Parent pUC18, but it was found that on both strains pAC2 
gave rise to sectoring colonies, indicating physical as 
well as genetic instability. Figure 5.4(i) shows the 
transformation frequencies obtained using both strains. 
JM83 gave a higher proportion of blue (Lac) colonies, 
which represent in-frame deletants, than DL494, and 
analysis of thirteen white (Lac - ) colonies showed them 
all to be deletants. The nature of the deletions was not 
investigated, but if they occur within the insert they 
may be out-of-frame, or may leave in-frame sequences 
which are long enough to prevent lac expression. They may 
even extend into the lac sequence. 
DL494 on the other hand gave rise to fewer blue and 
sectoring colonies, and thirteen white transformants of 
DL494 were all found to be carrying the full-length 
Palindrome. it was decided however not to pursue these 
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Figure 	5.4 	Analysis 	of 	palindrome-containing 
transformants. 
Transformation and deletion frequencies of pAC2 in 
JM83 (rec') and DL494 (sbcC). 
Transformation and deletion frequencies of pJL3 and 
pJL4 in JN83 and DL494. The gels show PvuII digests of 
DNA from 10 Lac clones each of pJL3 and pJL4 transformed 
into JM83. 
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number 	%total number %total 
i. 	pAC2 Lac 	119 84 S 21 68 6 
Lee' 	19 13 5 16 
sectoring 	4 3 5 16 
S All Lac 	transforeants of DL494 analysed were pal' 
6 All Lac- transforimants of .11483 analysed were pal 
ii. pJL3 Lac 	207 94 * 14 70 6 
Lee' 	13 6 6 30 
pJL4 	Lac 148 	95 * 	59 	67 
Lac' 	8 	5 	 9 	136 
* All Lac transforiiants of DL494 analysed were pa!' 
• All Lac transforeants of JM83 analysed were pal 
(see below) 
BJL3/J1483 Lac7 	 pJL4/J1463 Lac 
experiments as the repeated subculturing and new growth 
required would lead to the rapid predomination of deleted 
plasmjds in the cultures over a few generations, so that 
a true pattern of palindrome-containing plasmjd stability 
would not be obtained. Instead, copy number studies were 
performed on these plasmjds. 
Copy number studies. 
Plasmids pUC18, pJL1, pJL3 and pJL4 were used for 
these experiments. pJL3 and 4, like pJL1, are pUC18 
plasmids carrying a palindrome cloned into the SstI site 
(see figure 5.5(i)). The palindromes are the centres of 
deletion derivatives of the original 3200bp palindrome 
(Leach and Stahl, 1983); pJL3 has been fully and pJL4 
partially sequenced. pUC18 and pJL1 were used to 
transform strains N2361 and N2679, while pJL3 and 4 were 
transformed into DL494 and JH83. Figure 5.4(u) shows the 
transformation frequencies obtained for pJL3 and 4 using 
both strains. It can be seen that for both plasmids 
transformation into JH83 occurs at a much lower frequency 
than into DL494, and that a high proportion of the clones 
obtained are Lac deletants. Restriction analysis showed 
nine out of ten white JM83 transformants of both plasmjds 
to be Lac -  deletants, while all white DL494 transformants 
analysed carried the full-length palindrome PvuII 
restriction digests of the former DNAs are shown in 
figure 5.4(u). Interestingly, it appears that eighteen 
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Figure 5.5 Ampicillin resistance curves. 
Plasmid map showing the relationship between pJLl, 
pJL3 and pJL4. 
Ampicillin resistance curves for 9UC18 in 02201 , (0 ), 
pUC18 in M2070 (0) 9 pJL1 in 	 pJL1 in 02001 (# ) 
pJL3 in DL494 (0)  and pJL4 in DL494 (e). The dotted lines 
represent the frequency of Lac+ deletants of pJL3 and 4 
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of the twenty clones have deleted to the same locus, as 
they all give a PvuII fragment of approximately 370bp.. 
The extreme instability of pJL3 and 4 in JH83 meant that 
it was only possible to study the copy number of these 
plasmids in DL494. 
Transforinants were purified on media containing normal 
levels of ampicillj.n (lOOg/ml), and then mid-log phase 
ainpicillin-containing cultures (ODe0=0..45) were spread 
onto L agar containing different concentrations of 
ampieilljn (see figure 5.5(u)). The plates were also 
spread with Xgal and IPTG so that the number of blue 
colonies arising, representing the number of Lac 
deletants as an approximate indication of the 
accumulation of deletants in the plasmid population, 
could be measured. The resistance curves of the plazmjds 
and the frequency of Lao-'- deletants are given in figure 
5.5. 
5.6 Discussion. 
The results presented in this chapter show that sbcC 
strains are suitable hosts for plassids and do not cause 
the stability problems associated with recBC sbcBC 
strains. It has also been shown that sbcC allows the 
cloning and maintenance of long DNA palindromes in 
plasmids, as expected from the bacteriophage results in 
Chapters 3 and 4. 
pBR322 has been shown to be stably maintained under 
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non-selective 	conditions 	in sbcC strains, 	with 	a 
stability approaching that seen in wild-type cells. The 
results suggest that an additional recB mutation in 
either the rec - or the sbcC background may slightly 
reduce stability. This is to be expected from the results 
of Cohen and Clark (1986) who found that, in accordance 
with their A-like rolling-circle replication model, recBC 
mutations result in a slight accumulation of plasmjd 
linear multimers due to the inactivation of the RecBCD 
enzyme which normally inhibits this replication. Although 
this effect can be seen at the DNA level, it is a small 
one and is only slightly reflected in the genetic 
stability of plasmjcjs. Complete loss of stability and 
Uncontrolled accumulation of linear multjmers are seen 
only when Exol (SbeB) is inactivated as well, in recBC 
sbcBC strains such as JC9387. The slight reduction under 
non-selective conditions of the genetic stability of 
pBR322 in recB sbcC and recB cells compared to sbcC and 
wild-type cells will not significantly affect plasmid 
behaviour in these strains under antibiotic selection, so 
that for most practical purposes they are suitable as 
hosts for plasnjjds of medium to high copy number. The 
results show that the severe instability problems of 
plasmids in .recBC sbcBC strains are not due to the sbcC 
mutation, but are probably the result of the action of 
the RecBCD and SbcB enzymes on plasmid rolling-circle 
intermediates as Previously Supposed. 
The subsequent section described the subcloning of 
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palindromes into plasmids, using both JH83 and its sbcC 
derivative DL494 as hosts. The first palindrome to be 
cloned was relatively small (109bp) and had already been 
succesfu]ly cloned into pUC18 using an sbcC* strain, 
JM101. This was possible because it causes few 
inviability and instability problems even in rec - cells, 
due to its small size and lSbp central asymmetry (see 
Chapter 4). However suboloning into pMTL24 effectively 
increases the size of the palindrome by 12bp to 121bp 
because of the flanking EcoRI sites (see figure 5.2), and 
in this case it was found that it was easier to recover 
the correct clone (pAC1) in DL494 than in JM83. Clones 
recovered in JM83 showed DNA rearrangements which were 
not identified. All clones recovered in DL494 on the 
other hand were white colonies, and all of those screened 
were shown to carry the intact palindrome. Thus the 
addition of an extra 12bp of symmetry to the 109bp 
palindrome considerably increases its instability, and 
the short direct repeats contained within the two 
terminal restriction sites may also contribute to this 
problem as they are potential hotspots for deletion by 
strand slippage. 
The second construct (pAC2) contained a long (571bp) 
palindrome which has been shown to cause severe 
inviability problems in A (see Chapters 1, 3 and 4). This 
was found to be harder to recover than pAC1; not all of 
the DL494 clones examined contained the correct clone, 
and deletant (blue) colonies were found using DL494 as 
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well 	as JN83. However the frequency of blue JH83 
transformants was higher, and when white colonies were 
screened the correct clone was found in DL494 but not 
JH83. Hence it is apparent that the alleviatory effect of 
sbcC on palindromic inviability in A extends to 
palindromic inviability and, to some extent, instability 
in plasmjds, enabling the cloning of long palindromes in 
plasmjds as well as bacteriophage using sbcC hosts. This 
is supported by the transformation results using pAC2, 
pJL3 and pJL4, which show that in each case 
transformation is 2.5- to 11-fold more efficient in DL494 
than in JM83. 
Although pJL1 showed no significant reduction in copy 
number or maintenance compared to its parent pUC18, it 
was found that the longer palindromic sequences affect 
copy number and physical stability of plasmids, even in 
sbcC strains. Analysis of pAC2 transformants showed, 
interestingly, that the proportion of in-frame (Lao -'- ) 
deletants is only slightly lower in DL494 than in JN83, 
but that the proportion of Lac- deletants is far greater 
in JN83. None Was detected in DL494, while all white 
JM83 transforinants analysed were deletants rather than 
intact clones. This observation is reflected in the 
transformation results from pJL3 and 4. These also showed 
a small but significant increase in the production of 
in-frame (Lao -'- ) deletants in JN83 compared to DL494; 
however, analysis of the white colonies from each host 
showed that most of those from JH83 were Lac- deletants, 
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while those from DL494 carried intact clones. This 
apparent disparity between the number of in-frame and 
Lac-  deletants can be accounted for by a preferred 
end-point for deletion which throws the sequence out of 
frame, and the restriction analysis of the pJL3 and 4 
white colonies in JM83 supports this by showing that all 
the deletants give rise to apparently identical PvuII 
fragments. This is consistent with results reported by 
Yoshimura et al (1986), DasGupta et al (1987), 
Westonhafer and Berg (1989) and Janet Lindsey (PhD 
thesis, 1987), which show that palindromes tend to delete 
between short direct repeats. This is a general feature 
Of most recA-independent deletions, and is thought to 
indicate a mechanism of deletion by strand slippage as 
described in Chapter 1. Although the deletants were not 
sequenced, examination of the sequence of pJL3 (Janet 
Lindsey, unpublished results) reveals several possible 
deletion endpoints which would indeed give rise to 
deletants with the PvuII fragment size seen (figure 5.6). 
Palindromic sequences have been shown to affect 
plasmjd copy number in several instances (Warren arid 
Green, 1985; Nakamura et al., 1986). The copy number of 
pJL3 and 4 was shown to be significantly reduced compared 
to pUC18 even though sbcC hosts were used, and at higher 
levels of ampici].ljn there was a significant accumulation 
of in-frame (Lac) deletants (this was used as a rough 
indication of deletion frequency and Lac- deletants were 
not screened for). This can be explained by the fact that 
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Figure 5.6 Deletion end-points in pJL4. 
pJLI. 	sequence 	(Janet Lindsey, unpublished results) 
showing some of the possible deletion endpoints, and the 
sizes of the PvuII fragments of the possible deletants. 
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PvujI 381 
-pal 5 -9 .  
G 
GGTTCATCGAAT ACTACTTTTCCAACGACATCTACTAATCTT GATAGTAAATAAUCAATTGCATGTCCAGAGCTC 
A 	 CTATCATTTATTTTGTTAAcGTACAGGTCTcGAG 
pJL4 (pa1177) 
as the total number of cells which are able to form 
colonies goes down, so the apparent proportion of 
deletants increases, as these are not constrained by a 
lower copy number and are able to plate at higher 
concentrations of ampicilljn. Hence the shallow gradient 
of the ampicilljn curve for these two plasmjds is due to 
the presence of deletants (both in and out-of--frame), 
which increase the survival of the population as a whole. 
In conclusion, although sbcC does not completely 
alleviate the physical and genetic stability problems of 
long DNA palindromes in plasmjds, it does significantly 
improve them, making it possible to use plasmid and 
plasmid-based vectors for cloning palindromic sequences. 




This chapter describes experiments which have not been 
completed, and discusses the possible activity of the 
sbcC gene product and the implications of this work for 
the cloning of eukaryotic sequences. 
6.2 Further investigations into the effect of palindrome 
sequence on replicon behaviour. 
It was suggested in Chapter 4 that the apparent 
dependence of phage behaviour on the central sequence of 
the palindromic insert was due to a centre-outwards 
extrusion mechanism in vivo. The phage used in these 
experiments carry palindromic sequences which vary in 
their central llObp. Hence, although the correlation of. 
sequence with behaviour is apparently best for the 
central 10 or 20bp, the variable "window" is considerably 
larger than the 6-10bp which have been shown to be 
sufficient to alter palindrome behaviour in vitro. 
Experiments are therefore underway to test the effect of 
mutating the central 6-10bp only. 
Site-directed niutagenesjs was not considered to be a 
suitable technique for these experiments, as 
hybridisation of oligonucleotides is likely to be 
inhibited by the ability of single-strand inverted repeat 
sequences to snap-back. it was decided therefore to 
construct a new palindrome series by cloning. The 
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palindrome-containing phage chosen was DRL148, which 
shows behaviour intermediate between the phage in groups 
I and II (see Chapter 4). It is hoped that cloning 
oligonucleotideg which are more or less GC-rich than the 
parent sequence into the central Sail site of DRL148 will 
produce recombinants which behave like Group I or II 
phage depending on the stability of the central sequence. 
6.3 Investigations into the mechanism of replication 
inhibition by palindromic sequences. 
As discussed in Chapter 1, there is a large body of 
evidence for DNA polymerase stalling at secondary 
structures in vitro. However the only experiments which 
constitute direct evidence for inviability by slow 
replication are those of Lindsey and Leach (1989), who 
showed that after phage infection the input DNA is not 
destroyed as would be expected if inviability were due to 
DNA cleavage, and that replication of 
palindrome-containing phage is reduced to 60% of the 
control rate in rec4- cells and to 80% in recBC sbcBC 
cells (see Chapter 1). Experiments to show more directly 
that inviability is caused by replication stalling at 
palindromic sequences are underway, using an approach 
adapted from Tapper and DePamphiljs (1980). This is based 
on the assumption that, at any one time in an actively 
replicating population of Palindrome-containing 
molecules, a certain proportion will be stalled at the 
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Palindrome. Hence incompletely replicated DNA from such a 
Population should show a proportion of nascent strands 
ending at the palindrome which is significantly above the 
background level of random replication end-points. 
The plasmids I was able to construct using sbcC hosts 
(see Chapter 5) are purified and digested with an enzyme 
which cuts between the palindrome and the origin. The DNA 
is :  then radioactively end-labelled and run on 
polyacrylajnjde gels to look for low intensity bands 
indicating replication stalling at the hairpin. Such 
bands are indeed detectable. The results are 
reproducible, and the fragments are found in the more 
supercojied fractions of the DNA. They are not seen in 
control non-palindromic DNA, although other fragments of 
a different size are detectable. RNase treatment using 
either alkali denaturation or RNase T2 has no effect on 
the bands, confirming that they are not the result of RNA 
primer tails remaining at the origin. However it is not 
Possible to verify the results using different enzymes, 
as there are no other suitable sites in the vicinity of 
Palindromes in the pUC18 background. Furthermore the band 
sizes are not those expected from the genetic map. 
Attempts to electroblot and probe the gels to show the 
location of the fragments on the plasinid have not so far 
been succesful. This may be due to both the small size 
(100 to 200bp) and low intensity of the bands. 
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6.4 The possible role of sbcC in the cell. 
In this work the sbcC gene produôt has been shown to 
be the agent responsible for the severe growth defect of 
palindrome-containing DNA. This discovery enabled the 
identification of clones carrying the gene, which has now 
been sequenced (Naoni et al., 1989). sbcC lies between 
aroll and phoB (see figure 6.1), and forms an operon with 
a previously unknown upstream gene encoding a protein of 
45kD (orf-45). These genes overlap by lbp, and it appears 
that sbcC translation depends on relocation of ribosomes 
from the stop codon of orf-45 to the start codon of sbcC, 
as the latter sequence shows no upstream ribosome binding 
sites. The 118kD SbcC protein is poorly expressed 
compared to the product of orf-45, which may indicate 
that this process is not efficient. It contains an ATP 
binding site, like several other E..coli proteins involved 
in recombination, but is otherwise a typical globular 
protein. A search of various protein databases reveals a 
degree of homology, probably due mainly to the nucleotide 
binding fold, of sbcC with recB (and also recH, uvrD and 
T4 gene 46 exonuclease) and of orf-45 with recC (and also 
T4 gene 47 exonuc]ease). The authors suggest that the 
recB/recC and sbcC/orf-45 operons may have evolved from 
common ancestors. SbcC and RecB are large proteins and 
have similar nucleotide binding folds, and both are 
expressed rather poorly. In addition, the location of the 
two operons at approximately 180° to each other on the 
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genetic map is consistent with the theory that the E..cojj 
chromosome arose by a genome duplication (Riley and 
Anilionis, 1978). 
As discussed previously, expression of the gam gene of 
phage A renders the cell phenotypically RecB[. Hence in a 
rec host Gain both facilitates the transition of A 
replication from the theta to the sigma mode and inhibits 
the RecBCD pathway of recombination. Kulkarnj and Stahl 
(1989) have recently shown that Palindrome-containing 
phage are able to plate efficiently on sbcC hosts if 
the carrier phage is gam,- . They found that the result was 
repeatable on a recBCD host, suggesting that this effect 
cannot be wholly attributed to the interaction of Gain 
with RecBCD. The authors therefore suggest that the sbcC 
and recBCD gene products both bind Gain, which restores 
phage viability by inactivating SbcC, and that SbcC is at 
least partially functionally equivalent to RecBCD. This 
effect of the gam gene product was first shown in our 
laboratory (Leach et al., 1987), where it was found that 
most of the progeny phage from such an infection have 
reverted to non -palindromy. Kulkarnj and Stahl did not 
perform reversion tests to ascertain whether the plaques 
they obtained contained palindromic or revertant phage. 
It seems likely in view of the results of Leach et al 
(1987) that what they saw was not a complete alleviation 
of plating deficiency but an increase in the plating of 
revertants Hence the sbcC effect is not equivalent to 
the ga,,--  effect as they suggest. Nonetheless there is a 
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partial effect of the protein on palindrome-containing 
phage growth, which occurs even in a recBC host and hence 
cannot be explained in terms of the known functions of 
Gam. 
These two groups have independently suggested that 
SbcC may resemble RecBCD. It has been argued that the 
viability of palindrome-containing replicons in sbcC 
hosts regardless of the recBCD genotype (Chalker et al., 
1988) or in rec -'-  hosts in the absence of replication 
(Leach and Stahl, 1983; Shurvinton et al., 1987) 
constitutes further proof that. RecBCD is not involved in 
cleavage of Holliday junctions (Thaler and Stahl, 1988). 
On the other hand it has also been argued that the 
alleviatory effect of sbcC mutations on actively 
replicating Palindrome-containing DNA, together with the 
observation that RecBCD cuts cruciforins in vitro, 
implicates SbcC as a cruciform resolvase and 'emphasises 
its resemblance to RecBCD (Kulkarnj and Stahl, 1989). 
These arguments depend on the putative Holliday resolvase 
activity of RecBCD in vivo, and on the conformation 
adopted by palindromic sequences in the cell which as yet 
is completely unknown. Until one or both of these 
questions is independently resolved, the use of these 
data to understand the role of SbcC will remain somewhat 
tautologous. 
The sequence data described earlier suggest that the 
sbcC gene product binds to DNA, possibly recognising 
specific conformations such as crucifornis. Its subsequent 
157 
activity is less certain, but one possibility is DNA 
cleavage. This would certainly account for the 
suppression of the ReeF pathway by SbcC, which like SbcB 
(Exol) may destroy the intermediates required for ReeF 
recombination- It also reactivates the debate regarding 
the mechanism of inviability. The lack of evidence for 
double-stranded cruciforms in vivo led to the hypothesis 
that transient hairpins arise at the replication fork and 
inhibit its progress. However while slow replication has 
been demonstrated for Palindrome-containing phage the 
result is not reproducible in all backgrounds, and it has 
been argued that both cleavage and slow replication may 
occur (Lindsey and Leach, 1989). The putative exonuc].ease 
activity of SbcC suggests that cleavage may after all 
play some role in. inviability. The apparent centre 
dependence of inviability demonstrated in this work 
appears to lend support to the recently unfashionable 
concept of double-strand cruciforms in vivo, as such a 
dependence would not be exhibited by single-strand 
hairpins as discussed in Chapter 4. This may be 
consistent with the cleavage hypothesis, as a stable 
double-strand cruciform would probably be a better 
substrate for cleavage than a transient hairpin. 
The 	effect 	of 	the sbcC 	gene product on 
Palindrome-containing DNA need not however be the result 
of exonuclease activity. it may act on hairpins in some 
other way, or facilitate the extrusion of hairpins as 
substrates for another agent. For instance, it may bind 
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to and stabilise palindrome-derived secondary structures. 
Alternatively the protein may increase the sensitivity of 
DNA polymerase to hairpin impediments by interacting with 
one of the subunits in the complex, or interfere with SSB 
activity or synthesis In Chapter 4 it was suggested that 
more than one route for cruciform extrusion is possible, 
and that the removal of SbcC affects only one of these. 
If this is the case, then the sbcC gene product is 
unlikely to be a protein which attacks or directly 
stabilises hairpins (the 	end-product of extrusion 
whatever the mechanism), 	but may be involved in 
destabilising duplex sequences to produce them. For 
instance, it may be a topoisolnerase which encourages the 
formation of crucifornis or hairpins by localised 
unwinding of the DNA, perhaps in association with the 
replication fork. Any one of these activities may be a 
side effect of a more general control function in the 
cell, and it is likely that a greater understanding of 
this protein will increase our knowledge not only of 
Palindrome-mediated inviability but of the control of DNA 
conformation and topology by cellular proteins. 
6.5 Implications for cloning eukaryotjc sequences. 
The results presented here show that sbcC mutations 
may improve the recovery of palindromic eukaryotjc 
sequences. The stable propagation of plasinids in these 
hosts (see Chapter 5) widens the choice of vectors 
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available for cloning palindromic sequences. Strains such 
as DL538 (hsdR mcrA mcrB sbcC201 recD1009) and DL651 
(hsdR izicrA wcrB sbcC201 recD1009 recA) have been 
constructed in our laboratory and are designed to 
facilitate the cloning of such sequences, sbcC reeD and 
sbcC reeD recA hosts are Particularly suitable for the 
propagation of palindromes cloned in A as they give large 
plaques, even for red gau, chio phage (see Chapter 3). 
DL538 was used to screen a human DNA library constructed 
in A EMBL3o5 for clones which did not plate on wild-type 
E.cojj, and two such clones were identified in the first 
700 screened (D.Leach'personal communication) However 
it was found to be impossible to amplify these phage on 
the same strain without the accumulation of deletants. It 
is therefore apparent that, while sbcC strains 
considerable improve the recovery of DNA carrying 
palindromic sequences, they are not able to alleviate the 
growth deficiencies imposed by all "hard-to-clone" 
eukaryotic sequences. The recent observations of Ishiura 
et al (1989) regarding the deletion of cloned DNA from 
cosmids suggest that the role of the reeB, reeC, recN and 
recJ genes may be important in the development of such a 
strain. It is probable however, in view of the results 
presented here, that full recovery of eukaryotjc DNA 
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SUMMARY 
Recombinant DNA libraries generated in vitro should in theory contain all of the sequences of the genomes 
from which they are derived. However, the literature is dotted with reports of sequences that cannot be 
recovered, are under-represented, or are highly unstable. In particular, long palindromic nucleotide sequences 
of perfect or near-perfect symmetry are either lethal to the vector or suffer deletions or other rearrangements 
that remove symmetry [Coffins, Cold Spring Harbor Symp. Quant. Biol. 45 (1981) 409-416; Collins et al., 
Gene 19 (1982) 139-146; Hagan and Warren, Gene 24 (1983) 317-326]. We report here that mutation of a 
single gene, namely sbcC, can overcome this inviability and allow for the stable propagation of a 57 l-bp nearly 
perfect palindrome in Escherichia co/i. This has implications for the choice of strains used for the recovery and 
analysis of cloned nucleotide sequences. 
INTRODUCTION 
Leach and Stahl (1983) observed that a derivative 
of bacteriophage 2 containing a long palindromic 
Correspondence to: Dr. D.R.F. Leach, Department of Molecular 
Biology, University of Edinburgh, Kings Building, Mayfield 
Road, Edinburgh EH9 3JR (U.K.) Tel. (031)6671081 ext. 2637. 
Abbreviations: Ap, ampicillin; bp, base pair(s); chi, sequence 
(5 '—GCTGGTGG-3') which stimulates recA -recB CD-mediated 
sequence could be propagated in certain E. coil 
strains known to be mutant for the recB, recC and 
sbcB genes. This observation has enabled others to 
recover recombinant DNA clones that were not 
recombination in bacteriophage ; chi', phage lacking a chi site; 
itpi6, deletion extending from red to clii conferring the Spi - 
and Fec - phenotypes, insensitivity to P2 inhibition and inability 
to plate on a recA - recBCD * host, respectively; pal, palindrome; 
R  resistant; sbc, suppressor of recBC; sbcC, spontaneous muta-
tion arising in a recBC sbcB strain. 
0378-1119/88/$03.50 © 1988 Elsevier Science Publishers B.V. (Biomedical Division) 
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viable in the conventional recBC sbcB hosts 
(Nader et al., 1985; Wertman et al., 1986; Wyman 
et al., 1985; 1986). Some of these clones were shown 
to contain palindromic sequences. This has led to 
much speculation about the possibility that exonu-
cleases V and I, the products of recBCD and sbcB, 
respectively, may normally interact with palindromic 
sequences in some way that is detrimental to 
viability. However, Lloyd and Buckman (1985) 
found that the commonly used recBC sbcB strains 
carry an additional mutation in a gene which they 
designated as sbcC. The sbcC mutation, along with 
sbcB, is needed for complete suppression of the 
defects in DNA repair, recombination and cell via-
bility associated with the recBC genotype. Its pres- 
ence provides a possible alternative for the improved 
viability of DNA palindromes in this genetic 
background. 
EXPERIMENTAL AND DISCUSSION 
(a) Plating behaviour of the palindrome-containing 
phage 
The data presented in Table I show that 2 red gam 
phage carrying a 571-bp nearly perfect palindrome 
forms plaques with high efficiency on hosts mutant 
for sbcC, irrespective of their recB, recC, or recD 
TABLE I 















N2361 reck sbcC 3.0 x 10 3.2 x 109 9.4 x 10- 6 0.57 
N2362 recB21 6.5 x 106 4.1 x 10 1.6 x 10 - 1.6 x 10- 2 
N2363 recC22 5.3 x 106 3.9 x 10 1.6 x 10 - 5.9 x 10- 2 
N2364 sbcC201 1.8 x 10 2.9 x 109 0.62 <7.7 x 10 
N2365 recB sbcC 3.5 x 10 3.2 x 10 1.1 <5.8 x 10- 6 
N2366 recC sbcC 3.2 x 109 3.5 x 10 0.91 <1.9 x 10 - 
JC7623 recBCsbcBl5 sbcC 5.6 x 10 3.0 x 10 1.9 <1.6 x l0 - 
N2678 recDlOO9 2.7 x 109 3.8 x 10 0.71 3.9 x 10 
N2680 recD sbcC 2.9 x 10 4.6 x 10 0.63 <5.0 x 10 
N2691 recA 269:: TnlO No plating 
N2692 recA recD 3.6 x 10 1.2 x 109 3.0 x 10 0.32 
N2693 recA sbcC No plating 
N2694 recA recD sbcC 2.4 x 108 1.1 x 109 0.22 <3.6 x 10_ 6 
a  The bacterial strains used are all derivatives of AB 1157 (Bachmann, 1987). JC7623 and N2361-N2366 are described elsewhere (Lloyd 
and Buckman, 1985). N2678-N2694 are pro recombinants from a mating between NI 116 and a pro sbcC201 transductant of Hfr 
CGSC4515 (Lloyd and Buckman, 1985). The recD and/or recA mutations were introduced subsequently by P1 transduction. 
b  The rec and sbc allele numbers are the same in all the strains and have been omitted from the host genotype after the first full listing. 
The palindrome in phage 2 DRL1 16 (pa1571 zispi6 c1857) is the same as that used previously (Leach and Lindsey, 1986). It has been 
shown, by nucleotide sequencing, that it consists of a 563-hp EcoRI fragment with a 15-bp non-palindromic centre. The 8 bp flanking 
the fragment make up the total of 571 bp (J. Lindsey and D.R.F.L., unpublished). Phage 2 DRL1 12 (Aspi6 c1857) is an isogenic 
palindrome-free control. Plating cultures of log-phase host cells in 10 MM  MgSO4 were infected with an appropriate number of phage 
particles, left to adsorb for 10 min at room temperature, and plated with 2 ml of top agar onto BBL plates to obtain approx. 100 plaques 
per plate. 
I The plating ratio of DRL1 16/DRL1 12 was calculated to control for any variation in plating efficiency for red gam chi' phages between 
the host strains tested. The plaques formed by the two phages on any sbcC host were approximately equivalent in size and varied in 
size between hosts as expected for red gain phages, indicating that the sbcC mutation restores approximately normal burst size to the 
palindrome-containing phage. 
Reversion frequencies were obtained by pooling 30 plaques into 1 ml of 10 mM Tris MgSO 4 pH 8, adding a few drops of chloroform 
and comparing plating on strains JC9387 (recBCsbcBC) and JC9937 (rec + sbc ) 
203 
genotype. Furthermore, reversion of the progeny to 
efficient plating on a rec ± sbc + host (shown by DNA 
analysis in representative cases to be due to loss of 
the palindrome) occurs with low frequency. In con-
trast, the rare plaques formed on a rec ± sbc ± host 
contain a very high proportion of such revertants. 
The efficiency of plating on sbc ± hosts is increased 
slightly by mutation of recB or recC and to a much 
greater degree by mutation of recD when it becomes 
equal to that on an sbcC mutant. However, the 
palindrome is less stable in these sbcC strains, with 
revertants amounting to several percent of the phage 
progeny. 
The 1 red gam phages plate well on recD hosts 
because in these strains both rolling-circle replica-
tion and homologous recombination contribute to 
the generation of multimeric, packageable DNA (see 
Enquist and Skalka, 1973). In recD recA hosts they 
can still plate, despite the recombination deficiency 
(Chaudhury and Smith, 1984; Amundsen et al., 
1986), due to the formation of rolling circles. How-
ever, we found that, in contrast to the palindrome-
free control, the phage carrying the palindrome forms 
plaques with a very much reduced frequency on a 
recD recA host (Table I), a result independently 
observed by D. Thaler and F. Stahl (personal com-
munication). We suspect therefore that the increased 
efficiency of plating of this phage on a recD host is 
a function of the elevated recombination associated 
with such mutants (Chaudhury and Smith, 1984; 
Amundsen et al., 1986; Biek and Cohen, 1986). This 
interpretation is consistent with the view that 
palindromic sequences interfere with the replication 
of DNA (Leach and Lindsey, 1986; Shurvinton 
et al., 1987) since interference with replication might 
be expected to reduce the amount of packageable 
DNA produced by rolling circles and hence increase 
the dependence of plaque formation on recombina-
tion. Mutation of recA has no effect on the efficiency 
of plating on a recD sbcC host, which suggests that 
inactivation of sbcC allows DNA replication to 
proceed unhindered. 
Similar plating ratios were obtained using isogenic 
chi and chi° phages and no differences were ob-
served that could be attributed to chi except the 
known increase in plaque size of the chi phage on 
recBCD hosts (McMilin eta]., 1974; Henderson 
and Weil, 1975). The data shown in Table I describe 
the plating behaviour of chi° phages on mutant  
derivatives of the strain AB1157 with and without 
the sbcC201 allele. We have also shown that sbc205 
and sbc206 (Lloyd and Buckman, 1985) derivatives 
of AB 1157 were good hosts for phage DRL116, as 
were sbcC201 derivatives of strain KL425 (Lloyd 
and Low, 1976). However, DRL116 plated poorly 
on sbcC201 derivatives of strains R594 and C600 
(Bachmann, 1987) and in these strains a chit site in 
the phage or a recB, recC or recD mutation in the 
host was required in conjunction with sbcC for 
efficient plating. Work is in progress to determine the 
basis of this difference. 
Recovery of supercoiled DNA from an sbcC host 
Previous studies also indicated that palindromic 
sequences interfere with the replication of DNA. 
Shurvinton et al. (1987) reported that palindromic 
phages are recovered preferentially from the unrepli-
cated fraction of the input DNA. Leach and Lindsey 
(1986) observed a reduction in the yield of supercoil-
ed DNA molecules of a palindromic 1 phage relative 
to that of a palindrome-free control during infections 
of rec ± sbc ± hosts but not during infections of recBC 
sbcBC strains or rec ± sbc ± strains lysogenic for A. 
The data presented in Fig. 1 show that in a similar 
experiment, mutation of sbcC alone permits as good 
recovery of supercoiled palindromic DNA molecules 
as the combination of recBC sbcBC mutations used 
previously (Leach and Lindsey, 1986). By contrast, 
a recD mutation does not protect against loss of 
supercoiled molecules (J. Lindsey and D.R.F.L, 
unpublished work), despite the fact that it allows for 
efficient plating of the palindromic phage. 
Plasmid maintenance in an sbcC host 
Although recBC sbcBC strains tolerate palin-
dromic sequences, they are extremely poor hosts for 
many of the plasmid cloning vectors, including those 
related to ColE! (see Cohen and Clark, 1986). It was 
of interest, therefore, to determine the stability of 
plasniids in other sbcC strains. The data presented in 
Fig. 2 demonstrate that pBR322 is much more stable 
in an sbcC single mutant than in a recBC sbcBC 
strain. The recB mutation interferes with plasmid 
maintenance slightly but the combination of recB 
and sbcC mutations is no worse than recB alone. 
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(d) Implications for the cloning of foreign nucleotide 




The demonstration that the sbcC gene product is 
implicated in the phenomenon of palindrome-
mediated inviability is clearly of importance for the 
design of strains used for cloning foreign nucleotide 
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Fig. 1. Autoradiograph showing the recovery of supercoiled 
DNA from sbc * and sbcC20 1 strains. Host cells were co-infected 
with palindrome-containing ). phage DRL1 16 (pa157 1 zlspi6 
c1857) and the control A phage MMS659 (4bl453 c1857) at a 
multiplicity of infection of approx. 2 for each phage. Supercoiled 
DNA was extracted after 10 min of the lytic cycle, cleaved with 
restriction enzyme Eco RI and the fragments separated by electro-
phoresis on a 0.7% agarose gel, transferred to nitrocellulose 
membrane and hybridized with 32P-labelled DNA as described 
by Leach and Lindsey (1986). Bands P and C represent fragments 
unique to DRLI 16 and MMS659, respectively, and the ratio of 
bands P and C represents the relative yield of the two supercoiled 
DNAs. Infections of the sbcC strain N2374 (lane 1) and the rec 
sbcC strain N2361 (lane 2) were made. To quantitate the 
relative recovery of input DNA an infection of the lysogenic host 
JC9937 (A) (rec sbcC) was also conducted (lane 3) where no 
loss of palindrome-containing DNA is expected (Leach and 
Lindsey, 1986). The relative recovery of palindrome-containing 
molecules was determined by densitometry of bands P and C 
according to the formula R = [P(non-lysogen)/C(non-lyso-
gen)]/[P(lysogen)/C(lysogen)]. Rc_ was determined to be 0.90 
while RSbCC*  was determined to be 0.32. 
Fig. 2. Effect ofsbcC20l on maintenance of plasmid pBR322. A 
single colony of a pBR322 transformant was picked into L broth 
(Difco Bacto tryptone 10mg/mi, Difco Bacto Yeast Extract 
5 mg/ml, NaCl 10 mg/ml, pH 7.2) containing 100 g Ap/mI and 
grown for 16 h at 37°C, after which the culture was diluted and 
plated for single colonies on L agar (L broth containing 15 mg/ml 
Difco agar) with 100 mg Ap/mI and on antibiotic-free L agar 
plates to determine the ratio of cells with and without the 
plasmid. The ratio was verified by replica plating the colonies 
obtained on L agar plates without Ap to L agar plates containing 
the antibiotic. The culture was then diluted 106  -fold  into Ap-free 
L broth, grown for 16 In (approx. 20 generations) and assayed as 
before. This procedure was repeated seven to eight times with the 
cells being assayed for the plasmid at each cycle. (Panel a) 
Piasmid loss from rec sbc * strain N2361 () compared to rec ± 
sbcC strain N2364 ( x ) and recBC sbcBC strain JC7623 (0). 
(Panel b) Plasmid loss from recB sbc * strain N2362 () compar-
ed to recB sbcC strain N2365 (0)  and recBC sbcBC strain JC7623 
(0). The results presented in both panels show that piasmid loss 
was very rapid from the recBC sbcBC strain but was slow in all 
other cases (with insignificant loss within the first 40 gener-
ations). 
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sequences in E. coil. The sbcC recD and sbcC recD 
recA genotypes seem particularly suitable for propa-
gation of palindromes cloned in 2 since they couple 
large plaque size (even for red gam chi' phages) with 
low rates of palindrome loss. sbcC mutations have 
little or no effect on cell viability even when combined 
with recA and/or recD mutations (Lloyd and 
Buckman, 1985; R.G.L, unpublished). The sbcC 
recD genotype is recommended when the phage or 
DNA content of plaques is critical (e.g., for high-titre 
lysates or for plaque hybridisation) and the sbcC 
recD recA genotype is advised when a recombina-
tion-deficient phenotype is required to prevent re-
combination between repeated sequences. (In this 
latter case, care should also be taken to use red 
mutant derivatives of phage 2). The relative stability 
of a plasmid cloning vector in an sbcC single mutant 
is also of practical interest since it may open up new 
opportunities for the analysis of palindromic se-
quences. The palindrome used in this work has 
successfully been cloned in a plasmid replicon in an 
sbcC host, but is deleted when re-introduced into an 
sbcC strain (A.F.0 and D.R.F.L, unpublished). 
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APPENDIX 2 
Sequences of the palindromes used in this work. 
Notes. 
The DRL116 palindrome was sequenced by Janet Lindsey 
(PhD thesis, 1987), and the other palindromes 	are 
derivatives of this sequence. They were constructed by 
Ewa Okeley and David Leach as described in Chapter 4, and 
were restriction analysed and sized by polyacry]amjde gel 
electrophoresis. The sequences shown here are those 
expected from the cloning and supported by this analysis, 
but have not been empirically determined. 
The palindrome centres up to the SstI site are shown, 
together with 6bp of the 462bp palindromic flanking 
sequence (ATTCGA ... 3). This sequence is the same in each 
case and is a duplication of A genomic DNA from the 
second EcoRI site to the nearby SstI site which forms the 
central site of DRL133. 
The sequences are shown here in the hairpin 
conformation. The restriction sites shown here are also 
present in the duplex structure, apart from those at the 
centre of symmetry which only form restriction sites in 
the duplex. 
The asymmetric loop of DRL137 additionally provides 
restriction sites for XhoI, BglII, StuI, NluI and NcoI in 
the duplex. 
S. (SstI) represents the original site which has been 
eliminated during cloning. 
6. The length and other characteristics of these 
palindromes are given in table 4.4. 
SstI 
CTCATTcGA ... 3' 	 DRL133 
GAGTAAGCT... 5' 
XbaI (SstI) 
AGATCAGCTCATTcGA ... 3' 	 DRL134 
TCTAGTCGAGTAAGCT... 5' 
EcoUI.(SstI) 
TTCAGCTCATTcGA ... 3' 
AAGTcGAGTAAGCT --- 5' 	 DRL135 
Sail XbaI BamiliSmal KpnI SstI 
GACTCTAGAGGATCCCCGGGTACCGAGCTCATTCGA - - .3' DRL148 CTGAGATCTCCTAGGGGCCCATGGCTcGAGTAAGCT ... 5' 
Elindill SphI PstI Sail XbaI BamHI Smal KpnI SstI 
CTTGCATGCCTGCAGGTcGACTCTAGAGGATCCCcGGGTACCGAGCTCATTcGA ... 3' 
GAACGTACGGACGTCCAGCTGAGATCTCCTAGGGGCCCATGGCTCGAGTAAGCT ... 5' 
CG 
CGAGG' 'TCAC 
T 	 G 	 DRL137 
C C 
T 	 G 
'AGAGGTACcYp' 
GAAAAGT 	 SstI 
CATCTACTAATCTTGTGATAGTAAATAAAACAATTGCATGTCCAGAGCTCATTcGA. - 




Calculating the free energy change of cruciform extrusion 
in supercoiled DNA (from Courey and Wang, 1983). 
The free energy of cruciform formation in relaxed or 
linear DNA, G0, can be obtained by: 
jG0 = Gi + AG2 + 	 (1) 
jG2 is the free energy of cruciform formation 	in 
supercoi].ed DNA and can be calculated using this formula 
if the other three terms are known. 
AGa was determined by calculating the sum of the 
base-pairing energies in kcal/mol in the unpaired 
cruciform tip and any loop-outs. 
1100RT(oC_(o) 2/N and G3 = 1100RT(o(.-o( °) 2/N 	(2) 
where T is the absolute temperature (310K = 37°C) 
R is the gas constant (1.987 cal/mol/degree) 
N is the total number of interstrand bp 
(o is the linking number of relaxed DNA, given by: 
DCO = total bp/10.5 	(3) 
where 10.5 is the number of bp/helical turn in an average 
sequence 
is the linking number of relaxed DNA with the 
cruciform extruded, given by: 
ci.2 =0C-l/10.5 	(4) 
where 1 is the length of the palindrome in bp 
oC is the linking number of supercoiled DNA,, and can be 
calculated from: 
C7= 	-(°)/° 	 (5) 
where a is the superhelical density of the DNA. This was 
taken to be -0.025, the current best estimate for the 
average in vivo superhelical density (see Chapter 1). 
Gi 	 Mi 3 J, 
0 LG  C 
